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ABSTRACT 

We have assembled a sample of 1187 thermonuclear (type-I) X-ray bursts from observations of 48 
accreting neutron stars by the Rossi X-ray Timing Explorer, spanning more than ten years. The sample 
contains examples of two of the three theoretical ignition regimes (confirmed via comparisons with 
numerical models) and likely examples of the third. We present a detailed analysis of the variation 
of the burst profiles, energetics, recurrence times, presence of photospheric radius expansion, and 
presence of burst oscillations, as a function of accretion rate. 

We estimated the distance for 35 sources exhibiting radius-expansion bursts, and found that in 
general the peak flux of such bursts varies typically by 13%, We classified sources into two main groups 
based on the burst properties: both long and short bursts (indicating mixed H/He accretion), and 
consistently short bursts (primarily He accretion), and calculated the mean burst rate as a function 
of accretion rate for the two groups. The decrease in burst rate observed at > 0.06A/Edd 2 x 
10 37 ergs -1 ) is associated with a transition in the persistent spectral state and (as has been suggested 
previously) may be related to the increasing role of steady He-burning. We found many examples of 
bursts with recurrence times < 30 min, including burst triplets and even quadruplets. 

We describe the oscillation amplitudes for 13 of the 16 burst oscillation sources, as well as the stages 
and properties of the bursts in which the oscillations are detected. The burst properties are correlated 
with the burst oscillation frequency; sources spinning at < 400 Hz generally have consistently short 
bursts, while the more rapidly-spinning systems have both long and short bursts. This correlation 
suggests either that shear-mediated mixing dominates the burst properties, or alternatively that the 
nature of the mass donor (and hence the evolutionary history) has an influence on the long-term spin 
evolution. 

Subject headings: stars: neutron — X-rays: bursts — nuclear reactions — stars: distances 



1. INTRODUCTION 

Thermonuclear (type-I) X-ray bursts manifest as a 
sudden increase in the X-ray intensity of accreting neu- 
tron stars (NSs), to many times brighter than the per- 
sistent level. Typical bursts exhibit rise times of be- 
tween < 1 and 10 s, and last from tens to hundreds 
of seconds (Fig. [TJ. These events are caused by un- 
stable burning of accreted H/He on the surface of neu- 
tron staJS_jn_Tow : mjiss^^ (LMXB) systems 
(e.g. lStrohmaver fc Bild stcn 2006]), in contrast to type-II 
bursts, which ar e thought to be cau sed by sudden accre- 
tion events (e.g. iLewin et al.lll993f ). The H/He fuel for 
type-I bursts is accreted from the binary companion and 
accumulates on the surface of the neutron star, forming 
a layer several meters thick. The accreted material is 
compressed and heated hydrostatically, and if the tem- 
perature is sufficiently high any hydrogen present burns 
steadily into helium via the "hot" (/3-limited) carbon- 
nitrogen-oxygen (CNO) process. After between ^1 and 

Electronic address: Duncan.Galloway@sci.monash.edu.au 

1 present address: School of Physics & School of Mathematical 
Sciences, Monash University, Victoria 3800, Australia 

2 Monash Fellow 

3 present address: Space Radiation Laboratory, California Insti- 
tute of Technology, Pasadena CA 91125 

4 present address: Space Science Division, Code 7655, Naval Re- 
search Laboratory, Washington DC 20375 

5 present address: Department of Physics, University of Arizona, 
Tucson AZ 85721 

6 also Department of Physics, Massachusetts Institute of Tech- 
nology, Cambridge MA 02139 



several tens of hours, the temperature and density at 
the base of the layer become high enough that the fuel 
ignites, burning unstably and spreading rapidly to con- 
sume all the available fuel on the star in a matter of 
seconds. Such bursts hav e been observed to dat e from 
more than 70 sources (e.g. lin 't Zand et~aT]|2004cD . 

The burst X-ray spectrum is generally consistent with 
a blackbody of color temperature Tbb = 2-3 keV. Time- 
resolved spectral fits give evidence for an initial rise in 
Tbb followed by a more gradual decrease following the 
burst peak, giving an approximately exponential decay 
in X-ray brightness back to the persistent level. This is 
naturally interpreted as heating resulting from the ini- 
tial fuel ignition, followed by cooling of the ashes once 
the available fuel is exhausted. The primary evidence 
that the energy source for type-I bursts is thermonuclear 
comes from comparisons of the time-integrated persis- 
tent and burst flux. The ratio a of the integrated persis- 
tent flux to the burst fluence is the standard measure of 
the relative efficiency of the two processes. Early in the 
study of type-I bursts it was determined that the energy 
derived from accretion was between 40 and a few hun- 
dred times greater than the energy liberated during the 
bursts. These values are comparable to those predicted 
assuming that the burst energy arises from nuclear burn- 
ing. 

Numerical models of unstable nuclear burning on 
the surface of a neutron star reproduce the observed 
rise times (seconds), durations (minutes), recurrence 
times (hours), and total energies of the bursts (10 39 - 
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Fig. 1. — Example light curves of bursts observed by RXTE. 
The top panel shows a long burst from GS 1826—24 on 1998 June 
8 04:11:45 UT. The lower left panel shows a burst observed from 
4U 1728-34 on 1999 June 30 19:50:14 UT, while the burst at 
lower right was observed from 4U 2129+12 in the globular cluster 
M15 on 2000 September 22 13:47:41 UT. The persistent (pre-burst) 
level has been subtracted (dotted line). Note the diversity of burst 
profiles, which arises in part from variations in the fuel composi- 
tion; bursts with a slow rise and decay are characteristic of mixed 
H/He fuel, while bursts with much faster rises likely burn primar- 
ily He. Both bursts in the lower panels exhibited photospheric 
radius-expansion. 
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scales of thermonuclear bursts all depend on the compo- 
sition of the burning material, as well as the metallic- 
ity (here referring to the CNO mass fraction, Zcno) of 
the matter accreted onto the neutron star; the amount 
of hydrogen burned between bursts; and the amount of 
fuel left-over from the previous burst. Variations from 
source to source are also expected because of differences 
in the core temperatures of the neutron stars and the 
average accretion rate onto the surface (lAvasli fe Jossl 
1982: iFushiki fe LamTJll987t INaravan fe Hev]|l2003D . 

The recently discovered class of extremely long- 
duration bursts or "super" bursts are also thought to 
arise from thermonuclear processes. The fuel for these 
bursts is probably carbon rather than H/He, giving dis- 
tinctly d ifferent time scales, recurre n ce times and en - 
ergetics (jStrohmaver fe Brownl [20021 : iCummind l200l . 
However, the predicted temperatures in the fuel layer are 
too low to give carbon bursts with the observed fluences, 
suggesting that the cooling in t he crust may be less ef - 
ficient than previously thought (|Cumming et al] ,2006). 
Superbursts have been detected from around 10% of the 
Galactic X-ray burst population, with recur rence times 
estimated at 1.5 yr (Jin 't Zand et ail l2004af ). and tend 
to quench the regular type-I bursts for weeks-months 
afterwards. The connection with intermediate-duration 
(~ 30 min) events observed from a few systems is not 
clear (|in 't Zand et al.ll2004bh . 

1.1. Bursts as a Function of Accretion Rate 



Theoretical ignition models for H- and He-burning 
thermonuclear bursts predict how burst properties in an 
individual system change as the accretion rate onto the 
neutr on star varies (e.g.. IFuiimoto et al.l 119811 : IBildstenl 
1199ft INaravan fc Hevll 120031 ). Several regimes of ther- 
monuclear igntion may be identified, depending upon 
the local accretion rate (m 7 ), which is usually expressed 
as a fraction of the local Eddington rate mEdd ( 8.8 x 
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or = 1.3 x 10 JV/q yr averaged over 



the surface of a 10 km NS). However, the quantitative 
values of the accretion rates separating these regimes of 
burning are a matter of some debate, as we outline below, 
and summarize in Table [T] 

At the low est accretion rates [< O.OlmEdd, referred to 
as case 3 by IFuiimoto et al]|1981f) . 8 the temperature in 
the burning layer is too low for stable hydrogen burn- 
ing; the hydrogen ignites unstably, in turn triggering he- 
lium burning, which produces a type I X-ray burst in 
a hydrogen- rich environment. At higher accretion rates 
(case 2; 0.01 < mEdd < 0.1), hydrogen burns stably into 
helium between bursts, leading to a growing pure helium 
layer at the base of the accreted material. The fuel layer 
heats steadily until He ignition occurs and the He burns 
via the triple-a process. At these temperatures and pres- 
sures, helium burning is extremely unstable, and a rapid 
and intense helium burst follows. At yet higher accre- 
tion rates, hydrogen is accreted faster than it can be con- 
sumed by steady burning (limited by the rate of /3-decays 
in the CNO cycle), so that the helium ignites unstably 
in a H-rich environment (case 1; 0.1 < m-Edd ^ 1)- Fi- 
nally, at the highest accretion rates, helium also begins to 
b urn steadily betwee n bursts. At just below mEdd(~ 0-9 
in lHeger et aT1l2007bl : see also INaravan fc HevHl2003] ) . an 
over-stability may arise that leads to oscillatory H and 
He burning, and in turn to intermittent b ursts. Once the 
accre tion rate exceeds mEdd ( "case 0" in iFujimoto et al.l 
1981), stable helium burning depletes the fuel reserves 
and causes bursts to cease altogether. 

Although the gross features of these regimes should be 
robust, several factors (some poorly-understood) could 
significantly change the accretion rates at which the 
bursting regimes occur. First, the burst behavior may 
be sensitive to certain individual thermonuclear reaction 
rates. One reaction that has drawn particular atten- 
tion is the "break-out" reaction 15 0(a,7) 19 Ne, which 
remo ves a catalyst from the CNO cycle fe.g.. lFisker et all 
2006) . A low rate for this reaction causes more H burning 
to occur, which produces a hotter bu rning layer in which 
stead y helium burning also occurs (|Cooper fc Naravanl 
2006). As a result, unstable burning will cease altogether 
at m Edd?",0.3, in contrast to predictions using higher 
rates iFuiimoto et alj [19811 IBildstenl [199H : iHeger et all 
l2007bh but in partial agreement with observations. Re- 
cent experimental measurements however favor the orig- 
inal, higher 15 0(a,7) 19 Ne rate ([Fisker et al.ll2007| ). and 
the reduction in the uncertainty means that this reaction 
cannot explain the cessation of bursts for most sources 
around mEdd ^0.3. 

7 Following the usual convention, we refer to the accretion rate 
per unit area as m, and the total accretion rate integrated over the 
neutron star as M. 

8 See, e..g, Bildsten (1998) for depe ndences of these c ritica l ac- 
cretion rates on the metallicities, and Narayan & Hcyl (2003) for 
dependences on neutron star compactness. 
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Second, sedimentation or mixing in the burning layer 
could change the composition at the base of the burn- 
ing layer. At low accretion rates (rh,Edd ^ 0.01), CNO 
elements may settle to the bottom of the burning layer, 
which may prevent unstable H burning from inducing un- 
stable He burning. Therefore, most case 3 bursts would 
be pure hydrogen. However, a large He layer would also 
build up th at would eventu ally produce a very ener- 
getic burst (jPeng et al.l 120071), such as those seen from 
"burst-only" sources ( Cornelisse et al.l [2004) . On the 
other hand, at high accretion rates (mEdd ^ 0.1), tur- 
bulent mixing of accreted fuel into deeper layers could 
increase the amount of steady burning in between bursts 
tiPiro fc Bildstenll2007l) . 

Third, the accreted nuclear fuel may not be distributed 
evenly on the neutron star (e.g.. Ilnogamov fc Sunvaevl 
fl999t iBildstenl l2000l iPopham fc Sunvaevl I2001D . If the 
material is deposited at the equator, a latitudinal gradi- 
ent could develop in the amount of fuel burned steadily 
between bursts. Whether such inhomogeneous distribu- 
tion of fuel will produce bursts that are confined to one 
hemisphere (|Bhattacharvva fc Strohmave r 2006a), or ig- 
nite slowly-propagating fires th at burn fuel oy er limited 
regions of the neutron star (e.g.. lBildstenlll995l ) is uncer- 
tain. The variation in the effective gravity between the 
equator and higher latitudes could also lead to different 
ignition regim es, depending upon the s pin rate of the 
neutron star (|Cooper fc Naravanll2007bl ). The spin rate 
may also affect the spreading via Coriolis forces, which 
may give rise to vorti ces that drift relative t o the star as 
the burning spreads (|Spitkovskv et aLll2002l ). 

Understanding these mechanisms is important, be- 
cause current models for X-ray bursts have met with 
only partial success in explaining how their rates, en- 
ergetics, and time scales vary with accretion rates. The 
basic predictions of Fujimoto et al. (1981; see also Cum- 
ming & Bildsten 2000) have found validation with the 
success of models in reproducing the energetics of case 3 
mixed H/He bursts from EXO 0748-676 at an accretion 
rate of M = 0.01M Edd (|Boirin et al.ll2007h . case 2 He 
bursts bursts from SAX J1808. 4-3658 at an accretio n 
rate of M = 0.06M Ed d (|Gallowav fc Cummind [2001 . 
and regularly-recurring case 1 mixed H/He bursts from 
GS 1826-24 at M = 0.1M Bdd ([Galloway et al.ll2004bD . 

On the other hand, for several sources the burst rate 
decreases as the accretion rate increases. This decrease 
typically begins at M E dd ~ 0.3, well below the rate 
at which He-burning is expect ed to stabilize. These 
sources inclu de 4U 1636-536 (ILewin et all 119871) and 
4U 1705-44 ([Langmeier et al.|[l987l) , a s well as most of 
the so urces in the sample assembled by ICornelisse et al.1 
(2003). Furthermore, no correlation was found between 
persistent flux and burst recurrence times in Ser X-l 
(ISztaino et all 1 19831) or 4 U 1735-44 (ILewin et alJll980b 
Ivan Paradiis et al"1ll988b| ). These observations may be 
eviden ce for "delayed mixed bursts" (between cases 1 
and 0; lNaravan fc Hevll2003f ) , in which helium begins to 
burn b etween bursts (see also lBildstenlll995llHeger et al.l 
l2007bl ). A drop in burst frequency at comparable ac- 
cretion rates has a lso been observed from 3A 1820—303 
([Clark et al.lll977| ). which, with it's evolved donor, likely 
does not accrete any hydrogen. Alternatively, these ob- 
servations may indicate that the accretion rate per unit 



TABLE 1 
Bursting Regimes 



Case 


™Edd 


Steady Burning 


Burst 
Composition 


Ref. 


3/V 


<0.01 


none 


mixed H/He 


[1,21 


2/IV 


0.01 - 0.1 


stable H 


pure He 


[3,4] 


l/III 


0.1 - 1.0 


stable H 


mixed H/He 


[4,5,6] 


-/II 


~1.0 


over-stable H/Hc 


mixed H/He? 


[7,8] 


0/1 


>1.0 


stable H/He 


none 


[9] 
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Note. — The name s for each of the burst cas es are taken from 
lIFuiimoto et all [1981, Arabic numerals) and (Naravan fc Hevll 
120031 . Roman numerals). The ranges in accretion rate (tiij;^; 
normalized to t he Ed dington rat e) for each case a re tak en from 
IFuiimoto et al.l 1119811) ; note that INarayan fc Hevll 1120031) predict 
lower rates for their cases II and I (~ 0.3rh^ dd ). The references 
represent recent examples of calculations and/or comparisons to 
observations in each regime. 

area (which sets the burst ignition conditions) is decreas- 
ing even though t he total accretion rate is increasing 
(e.g. lBildst cn 2000), or perhaps that the persistent fluxes 
are not a good measures of the accretion rates in these 
sources. 

The change in the composition of the fuel layer as M 
increases also affects the properties of the bursts. He- 
lium burning occurs via the triple-a process, which is 
moderated by the strong nuclear force and proceeds very 
quickly at the temperatures and densities of the burning 
layer. Hydrogen burning proceeds more slowly, because 
it is limited by /3-decays moderated by the weak force. 
Therefore, faster, more intense bursts characteristic of 
a helium-rich burning layer should occur at relatively 
low accretion rates (case 2), while hydrogen-rich bursts 
with slower rise and decay times should occur at higher 
rates (case 1). Surprisingly, most sources behave in the 
opposite manner. The decay time scales of bursts has 
been observed to decrease as the apparent M increases 
from 0.01-0.1 M E ddfo r 4U 1608-52 dMurakami et all 
I1980H). 4U 1636-536 ([Lewin et al.i ri987l), 4U 1705-44 
(lLangmeier et al.1 EMI, KS 1731-260 ( 
2000J) , and in the sample of Corneli sse et alj ( 



Muno 'eTaLl 



2003, which 



includes several of the above LMXBs). This discrep- 
ancy has been taken as evidence that steady helium 
burn ing is more prol i fic than expected at ~0 . 3MEd d 
(e.g. INarayan fc HevJ [2001 ICooper fc Naravan! l200l . 
Some support for this hypothesis has been found in 
the appearance of low-frequency noise and mHz QPOs 
at these same accretion rates, that has been at - 
tribu t ed to marginally unstable helium burnin g ( Bildstc 
19951: iRevnivtsev et al.l l2001t INarayan fc Hevll 1200 



Heger et alJl2007bD . 



1.2. Bursts as Standard Candles 

The peak flux for very bright bursts can reach the Ed- 
dington luminosity at the surface of the NS, at which 
point the (outward) radiation pressure equals (or ex- 
ceeds) the gravitational force binding the outer layers 
of accreted material to the star. Such bursts frequently 
exhibit a characteristic spectral evolution in the first few 
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Fig. 2. — Spectral evolution in a thermonuclear burst exhibit- 
ing photospheric radius-expansion, from KS 1731—26. Top panel 
Burst luminosity Lx, in units of ergs -1 ; middle panel blackbody 
(color) temperature fcTbt,; an <i bottom panel blackbody radius -Rbb- 
Lx and -Rsbb are calculated at an assumed distance of 7.2 kpc (Ta- 
ble llOp . Note the anticorrelation between fcT^b and R^b in the first 
few seconds, indicative of the expanding photosphere, and the ap- 
proximately constant flux throughout the expansion. The time at 
which the flux reaches a maximum is indicated by the open cir- 
cle; by then the radius has declined to the asymptotic value in the 
burst tail, suggesting that the photosphere has settled ("touched 
down") on the NS surface. 

seconds, with a local peak in blackbody radius and at 
the same time a dip in color temperature, while the flux 
remains approximately constant (Fig. [J). This pattern 
is thought to result from expansion of the X-ray emitting 
photosphere once the burst flux reaches the Eddington 
luminosity; the effective temperature must decrease in 
order to maintain the luminosity at the Eddington limit, 
and excess burst flux is converted into kinetic and grav- 
itational potential energy in the expanded atmosphere. 

The largest uncertainty in the theoretical Eddington 
luminosity arises from possible variations in the photo- 
spheric composition. The limiting flux for a composition 
with hydrogen present at solar mass fraction will be a 
factor of 1.7 below that of a pure helium atmosphere. 
Nevertheless, the Eddington luminosities ^Edd measured 
for LMXBs with independently-known distances are gen- 
erally consistent to within the uncertaintie s, at a value 
estima ted as (3.0 ± 0.6) x 10 38 ergss -1 by [Lewin et al.l 
(|1993h . or, more recen tly, (3.79 ± 0.15) x 1 38 ergss" 1 
(cf. with equation 171 iKuulkers et all I2003T ]. This re- 
sult is consistent with the narrow ranges for masses 
and surface redshifts expected for the neutron stars 
in these bursters. Consequently, these photospheric 
radius-exp ansion (PRE) bursts c an be used as distance 
indicators (Basins ka et al.l Il984). Time-resolved spec- 
troscopy of radius-expansion bursts also allow in prin- 
ciple measuremm^^ redshift 
(e.g. iDamen et al.lll990t ISmafdl200lT ). a lthough th is has 
proved a considerable challenge (see e.g. IOzelll2006l for a 
more recent study). 
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Fig. 3. — A dynamic power spectrum illustrating the typical 
frequency evolution of a burst oscillation. Contours of power as a 
function of frequency and time were generated from power spectra 
of 2 s intervals computed every 0.25 s. A Welch function was used 
to taper the data t o reduce sideband s in the power spectrum due 
to its finite length (Press et al. 1996). The nth contour level has a 
single-trial probability of 0.02™ of occurring randomly due to noise. 
The PCA count rate (histogram) i s plo tted referenced to the right 
axis. The time intervals defined in £|2.4l as the rise, peak, and decay 
are indicated with the vertical dashed lines. 

1.3. A New Diagnostic of Nuclear Burning 

One of the key capabilities of RXTE is for high tempo- 
ral resolution X-ray timing studies. Since 1996, this ca- 
pability has led to the discovery of several distinct types 
of kHz variabi lity in LMXBs (for a recent review, see 
Gallowav 2008). Highly coherent burst oscillations with 
fractional amplitudes in the range 5-20% rms have been 
detected in thermonucle ar bursts from 16 sources to date 
(IStrohmaver et al"1ll996l : see also IStrohmaver fc Bildsten] 
2006;. As the burst evolves, these "nuclear-powered pul- 
sations" typically increase in frequency by a few Hz, most 
approaching an asymptotic value which is stable for a 
given s ource from burst to burst (e.g. Fig. l3"l lMuno et al.1 
2002a). That the asymptotic frequency traces the NS 
spin has been confirmed by the detection of burst os- 
cillations at the spin fre quency in the millisecond pul- 
sars SAX J1808.4 -3658 (iChakrabartv et al.l f2003h and 
XTE J1814-338 (|Strohmaver et al.l l2003f ) as well as 
the prolonged os cillation detected during a supe rburst 
in 4U 1636-536 (IStrohmaver fe Markwardtll2002t) . 

Substantial questions remain regarding the mechanism 
of burst oscillations, as well as what conditions determine 
whether or not the oscillations will be detectable in a 
given burst, or a given source. The oscillations have been 
suggested to result from initially localized nuclear burn- 
ing, which spreads over the surface o f the neutron star 
durin g the early stages of the burst (|Strohmaver et all 
1996). However, this explanation does not account for 
the oscillations which persist as long as 5-10 s after 
the burst rise. The frequency drift is likely too large 
to be explained by angular momentum conservation in 
a de coupled expanded burning layer (jCumming et al.l 
2002), and may instead result from changes in the ve- 
locity of a pattern in the surface brightness. Slow- 
moving (in the rotating neutron star frame) anisotropies 
in the surface brig htness may originate f rom hydrody- 
namic instabilities (Spitkov skv et al1l2002T) or modes ex- 
cited in the neutron star ocean (Cumming & Bi ldsten! 
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[2000t see also lHevll[200l iPiro fc Bildsten1[2005l and ref- 
erences therein). Recently, the phenomenology has be- 
come even more complex with the observation of inter- 
mittent persistent pulsations which appe ar to be in some 
cases related to the occurence of bursts (j Galloway et al.l 
120071 lAltamirano et all 120081 ) but in other cases not 
(|Casella et al.ll2007l) . 

1.4. The Need for a Global Study 

It is generally unfeasible to to study the variation in 
burst properties over a wide range of accretion rate us- 
ing data from a single source. Typically only a narrow 
range of accretion rates is observed, and insufficient ex- 
posure time is available, leading to only a small number 
of bursts in total. A few previous observational studies 
have focussed on the properties of bursts from more than 
one source. A compilation of 45 measurements in the lit- 
erature from ten LMXBs by Ivan Paradiis et all (|1988a|) 
revealed a global decrease in burst duration with increas- 
ing persistent flux, similar to that seen individually for 
several sources. They also found that a was correlated 
with the (normalized) persistent flux, mo re strongly than 
was p redicted by numerical models (e.g. iFuiimoto et al.l 
1981). The normalized fluence depended principally on 
the burst interval i rcc , which suggested that continuous 
stable burning between bursts i s a ge neral phenomenon. 
More recently. iCornelisse et al.l (2003) analysed six years 
of BeppoSAX observations of 37 LMXBs, with a com- 
bined sample of 1823 bursts, and identified a transi- 
tion between long, H-rich bursts (assumed to result from 
case 3 ignition) to short, pure He bursts (case 2), in- 
ferring the onset of steady H burning at a persistent 
luminosity of 2 x 10 37 ergs -1 (equivalent to O.lMEdd), 
a factor of 10 higher than predicted by theory. Below 
this level, bursts were long, frequent and occurred quasi- 
periodically, typified by GS 1826-24 and KS 1731-26. 
Above 2 x 10 37 ergs -1 the burst rate dropped by a factor 
of five, and the bursts were short and occurred irregularly 
(although short bursts were also observed in the low ac- 
cretion rate regime). At even higher luminosities, bursts 
ceased altogether in these sources (although are subse- 
quently observed at ~ MEdd in two sources, GX 17+2 
and Cyg X-2). 

To date, the Rossi X-ray Timing Explorer (RXTE) has 
observed 66 of the known thermonuclear burster sources, 
and discovered several new ones. The RXTE data are 
unparalleled for studies of bursts and bursters, thanks 
to the large instrumental effective area and high timing 
resolution. New data enter the public archive contin- 
ually, and published analyses rarely take advantage of 
all the available bursts in all the public observations, let 
alone all the bursts from all the known bursters. To 
date, no global comparisons of theory with these data 
have been made. The wealth of observational data moti- 
vate the present work, which seeks to present a uniform 
analysis of all thermonuclear bursts from the bursters 
observed by RXTE through 2007 June 3. By combining 
the bursts from different sources we achieve much larger 
burst numbers and a larger range of M for global char- 
acterization of burst behaviour than is possible for any 
individual source. We also include information on the 
presence of burst oscillations, which is only available in 
the RXTE data. While RXTE has also observed sev- 



eral superbursts, we do not analyse these events in this 
paper. 

We present the contents of the catalog, and the results 
of our studies, as follows. In Ej2]we describe the analysis 
methods and products, and relate to the physical prop- 
erties of the bursts. We summarise the properties of the 
catalog in §2J and present our detailed analysis in the 
subsequent sections. In Ej3.ll we measure the mean peak 
flux of radius-expansion bursts, and determine the source 
distances. We analyse the properties of the individual 
bursts in £13.21 and explore the consistency of the burst 
behaviour of different sources as a function of accretion 
rate in £J3.3I In §3.41 we combine the bursts from vari- 
ous sources in an attempt to quantify the global burst 
properties as a function of accretion rate and compare 
these properties to predictions from burst theory. We 
further discuss the global behaviour of the burst energet- 
ics in £13.51 We attempt to place observational limits on 
the boundaries of the theoretical ignition regimes in £13.61 
We discuss the properties of the millisecond oscillations 
in £13.71 Finally, we present a number of outstanding the- 
oretical challenges in £|3.8i and summarise our results in 
<21 In appendix [X] we present the results for individual 
bursters on a case-by-case basis; we constrain the origin 
for bursts in crowded fields in appendix [Bj 

2. OBSERVATIONS AND ANALYSIS 

Public data from RXTE observations of thermonu- 
clear burst sources are available through the High- 
Energy Astrophysics Science Archive Research Center 9 
(HEASARC), dating from shortly after the launch of the 
satellite on 1995 December 30. This paper includes all 
publicly available data through 2007 June 3. RXTE car- 
ries three instruments se nsitive to X-ray ph otons. The 
All-Sky Monitor (ASM; iLevine et all 1 19961) consists of 
three scanning shadow cameras sensitive to photons be- 
tween 1.5 and 12 keV with a total effective area of 
w 100 cm 2 , which provide 90 s exposures of most points 
on the sky every 96 mi n. The High-Energy X-ray Timing 
Experiment (HEXTE; iGruber et al.|[l996l ) is comprised 
of two clusters of Nal/Csl scintillation detectors sensi- 
tive to X-rays between 15 and 250 keV with a total effec- 
tive ar ea of 1600 cm 2 . Th e Proportional Counter Array 
(PCA; ITahoda et aLlll996[ ) consists of five identical, co- 
aligned proportional counter units (PCUs), sensitive to 
photons in the energy range 2-60 keV. The field-of-view 
of both the PCA and HEXTE is circular with radius 
ps 1°. Photon counts from the PCA are processed inde- 
pendently by up to 6 Event Analyzers (EAs) in a variety 
of configurations. Two EAs are permanently set to two 
standard observing modes, Standard-1 (with 0.125 s time 
resolution but only one energy channel) and Standard-2 
(16 s binned spectra on 129 energy channels between 2- 
60 keV). The remaining EAs may be configured by the 
observer to give time resolution down to 1/xs and up to 
256 spectral channels. 

We extracted 1-s lightcurves covering the full 2-60 keV 
PCA energy range from Standard-1 mode data of all pub- 
lic observations covering known burst sources. The PCA 
field of view is approximately 1° in radius, and the effec- 
tive area drops off approximately linearly as a function of 
off-axis angle. Thus, we extended our lightcurves to off- 

9 \protect attp://heasarc. gsfc.nasa.gov 
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set pointings of up to 1?2, frequently including the end of 
the satellite's slew to the source and the beginning of the 
slew away. We also searched observations of fields cen- 
tered less than 1° away from known burst sources. We 
searched each lightcurve for bursts as follows. For each 
observation we calculated the overall mean and standard 
deviation of the 1-s count rate measurements, and identi- 
fied burst candidates in bins which exceeded the mean by 
more than 4o\ We then visually inspected the lightcurves 
to confirm or reject each candidate. Candidates were re- 
jected if they were attributable to other events which can 
produce sharp jumps in the count rate, such as detector 
breakdowns, gamma-ray bursts, or particle events. For 
a few weak events, time-resolved spectral analysis (see 
below) failed to show significant cooling in the decay; for 
others, data modes with sufficient temporal and spectral 
evolution were not available to undertake spectral anal- 
ysis at all. We include these events in the catalog, but 
they must be viewed as burst candidates, only. 

2.1. Characterizing the persistent emission 

In order to coarsely characterise the persistent spec- 
trum, we computed hard and soft X-ray colors as the ra- 
tio of the background-subtracted detector counts in the 
(8.6-18.0)/(5.0-8.6) keV and the (3.6-5.0)/(2. 2-3.6) keV 
energy bands, respectively. We used 64 s integrations to 
calculate the colors when the source intensity was above 
100 counts s _1 , and 256 s integrations otherwise. We 
corrected the measured count rates for gain changes over 
the life of the mission by normalizing count rates from 
the Crab Nebula in each PCU to constant values for each 
energy band (totaling 2440 counts s^ 1 PCU^ 1 in the 2.2- 
18.0 keV band) using linear trends. When this correction 
is applied, the hard and soft colors from the Crab Nebula 
have values of 0.679 and 1.358, with standard deviations 
of only 0.1% and 0.5% respectively. 

We show examples of the distribution of source col- 
ors (color-color diagrams) in Fig. |U As M onto the 
neutron star increases, a source moves from the top-left 
to th e bottom-right, roughly tracing a Z-shaped pat- 
tern (lHasinger fc van der KlidfT98l IMuno et afll2002bt 
iGierlihski fc Pond 120021 ! Most bursting LMXBs are 
classified as "atoll" sources, and trace out their full Z- 
shaped pat tern as they vary in intensity by a factor of 
> 100 (see IMuno et all 12002R for a discussion). Nine 
atoll sources were observed on both the top and bot- 
tom portions of their color-color diagrams: 4U 1608—52, 
4U 1636-536, 4U 1702-429, 4U 1705-44, 4U 1728-34, 
KS 1731-260, 4U 1746-37, XTE J2123-058 and Aql X- 
1. For those sources, we parameterized the position on 
the diagram by defining a curve that followed the mid- 
dle o f the Z-shaped track (Fig. [4j iDieters fc van der Klisl 
l2000f) . We first selected several points to define the ba- 
sic shape of the curve. From these points, we defined a 
smooth curve using a spline interpolation. We then as- 
signed Sz = 1 to the upper-right vertex of the Z-shape 
and Sz = 2 to the lower-right vertex, and defined the 
unit arc-length as the distance along the curve between 
these two points. The value of Sz for any given point 
on the color-color diagram by finding the nearest point 
on the curve, and finding the value of the arc-length Sz 
there. We then defined the mean Sz value from the mean 
colors for each observation of the sources listed above. 
Although Sz is thought to be proportional to M (e.g. 
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Fig. 4. — Color-color diagrams for six of the nine sources for 
which it was possible to define the coordinate Sz locus. The soft 
color is the ratio of the background-subtracted PCA counts in the 
energy range 3.6—5.0 keV accumulated in 64 or 256 s, to the counts 
in the range 2.2-3.6 keV. The hard color is the ratio of counts in 
the ranges 8.6-18.0 and 5.0—8.6 keV. Colors are corrected for PCU 
gain variations. Filled circles show the points (labeled with their 
Sz values) used to define the overall shape of the curve; solid curves 
show the spline interpolation between the points. The coordinate 
Sz is thought to be proportional to M . 



IVrtilek et al.| [T990). the absolute calibration is not well 
determined. 

We also estimated the persistent source flux F p at the 
time of the bursts from spectra extracted from Standard- 
2 mode data, separately for each PCU within each obser- 
vation (excluding a typically 300 s interval covering each 
burst). We fit these spectra over the range 2.5-25 keV 
with an empirical model consisting of blackbody and 
power law components, each attenuated by neutral ab- 
sorption with solar abundances. For many of the spectra, 
residuals were present around 6.4 keV which we inter- 
preted as fluorescent Fe emission, and where these resid- 
uals resulted in a reduced-x 2 > 2 we added a Gaussian 
component to improve the fit. For particularly bright 
sources such a model did not give a good fit, and for 
these we used instead a continuum component describing 
Comptoni sation in a homo geneous environment (compTT 
in xspec; !Titarchuk1ll994a|) . The particular choice of the 
continuum did not significantly affect the measured flux 
within the energy range covered by the PCA. We then in- 
tegrated the model over the energy range 2.5-25 keV 10 to 
estimate the source flux detected by each PCU. For each 
source we calculated the mean PCU-to-PCU offset aver- 
aged over all the public RXTE observations, and renor- 
malized the flux measurements relative to PCU 2. We 
adopted the mean and standard deviation of the rescaled 
flux measurements as the flux and error for that obser- 
vation. 

While the majority of the burst flux is emitted in 
the range 2.5-25 keV, this is generally not true for the 
persistent emission. In order to estimate the bolomet- 
ric persistent flux F^ \ we chose representative (prefer- 
ably long) observations for selected sources and undcr- 

10 The Crab flux in this band is 3.3 X 10~ 8 erg cm -2 s _1 
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took combined fits of each PCU spectra (as described 
above) along with HEXTE spectra above 15 keV. We set 
the upper energy limit for the HEXTE spectra individu- 
ally depending upon the maximum energy to which the 
source could be detected (typically 40-80 keV). Persis- 
tent spectra from bursters frequently exhibit a spectral 
cutoff between 15 and 50 keV, and so we fit the broad- 
band spectra with a Comptonisation continuum compo- 
nent attenuated by neutral absorption, also sometimes 
with a Gaussian component representing fluorescent Fe 
emission around 6.4 keV. We generated an idealized re- 
sponse covering the energy range 0.1-200 keV with 200 
logarithmically spaced energy bins, and integrated the 
model flux also over this range. We then calculated a 
bolometric correction Cboi as the ratio between the 0.1- 
200 and 2.5-25 keV fluxes measured from the broadband 
spectral fits. The error on the bolometric correction was 
estimated as the standard deviation of the derived correc- 
tion over the available PCUs. Altogether we estimated 
bolometric corrections for observations of 24 bursting 
sources, ranging between 1.05 (from a 1997 September 
observation of 4U 1728-34) and 2.14 (for a 2002 Octo- 
ber observation of SAX J1808.4-3658; Table EJ). The 
corrections for the accretion-powered pulsars tended to 
be larger than for the non-pulsing burst sources, and 
we found the maximum value for the latter sources to 
be 1.93. In the mean, Cboi = 1-38 for the non-pulsing 
sources, and we adopt this value except where we calcu- 
lated a correction specifically for that source or observa- 
tion. The likely error introduced is thus no more than 
pa 40%. 

From the persistent flux F p and the distance d (de- 
rived from the peak flux of radius-expansion bursts), we 
may also estimate the accretion rate per unit area at 
the neutron star surface, m. We assume that the X-ray 
luminosity is 



ments from different sources (see $2.5$ . Then 



av 

+ 



47rd 2 F p Cboi 



(1) 



where i?NS is the NS radius, and Q gra v is the energy re- 
leased per nucleon during accretion (= c 2 z/(l + z) ps 
GMns/Rns)- Here we assume implicitly that the ac- 
creted fuel covers the neutron star surface evenly, and 
that the persistent emission is isotropic. Because the 
neutron star has such a strong gravitational field, the lu- 
minosity measured by an distant observer is significantly 
lower than at the NS surface due to gravitational red- 
shift. Thus, we correct the quantities at the NS sur- 
face by a factor (1 + z), where z is the surface redshift; 
1 + z = (1 - 2GM/R NS c 2 )-^ 2 = 1.31 for a NS with 
mass Mns = l-4M m and radius -Rns = 10 km. Both 
mass measurements (jThorsett fc Chakrab artv 1999]) and 
pred ictions from a range of pla usible equations of state 
(e.g. lLattimei~ Prakash 2001) suggest that the masses 
and radii of neutron stars (and hence the compactness 
Mms/-Rns) span relatively narrow ranges. A surface 
redshift has only been tentatively measured (via red- 
shifted absor ption lines) in one bu rster, EXO 0748—676, 
at z = 0.35 (jCottam et al.1120021 ); subsequent analyse s 
have failed to confirm this result (jCottam et al.l l2~007f ). 
Thus, our assumption of a constant redshift of z = 0.31 
for all the bursters in our sample unavoidably introduces 
a small systematic error when combining burst measure- 



m = 6.7 x W 



l + z 



lO- 9 

-Rns 



erg cm 2 s 1 
-l 



10 kpc 



Mi 



NS 



1.4 M, 



-2 -1 

gem s 



1.31 /V 10 km / 
It is generally thought that Lx.oo is proportional to m 
within intervals of days, but that the absolute cali- 
bration can shift su bstantially on longer timescales (e.g. 
iMendez et~al"1l2001h . 

2.2. Temporal and spectral analysis of individual bursts 

Once each burst was located, high time- and spectral 
resolution data (where available) from the PCA covering 
the burst (100-200 s) were downloaded and processed to 
provide a range of analysis products. For most bursts, 
multiple spectral channels were available with time reso- 
lution of 0.25 s or better. We extracted 2-60 keV spectra 
within intervals of 0.25-2 s covering the entire burst. We 
set the initial integration time for the spectra at 0.25, 0.5, 
1 or 2 s depending upon the peak count rate of the burst 
(> 6000, 3000-6000, 1500-3000 or < 1500 count s" 1 re- 
spectively, neglecting the pre-burst persistent emission). 
Each time the count rate following the peak decreased 
by a factor of y/2 we doubled the spectral time bin size. 
Since the evolution of the burst flux is slower in the tail, 
this increase in time bin size does not adversely affect 
the data quality. 

We fitted each burst spectrum with a blackbody 
model multiplied by a low-energy cutoff, represent- 
ing interstellar absorpti o n usin g the cross-sections of 
Morrison & McCammon (1983) and solar abundances 
from lAnders fc Ebiharal (|1982D . A spectrum extracted 
from a (typically) 16 s interval prior to the burst was 
subtracted as the background; this approach is well- 
established as a standard procedure i n X-ray burst 
analy sis (e.g. Ivan Paradiis fc Lewinlll986tlKuulkers et al.l 
2002). The observations span multiple PCA gain epochs, 
which are defined by instances where the gain was man- 
ually re-set by the instrument team (on 1996 March 21, 
1996 April 15, 1999 March 22 and 2000 May 13). In ad- 
dition to these abrupt changes more gradual variation in 
the instrumental response is known to occur, due to a 
number of factors. To take into account these gain vari- 
ations we generated a separate response matrix for each 
burst using PCARSP version 10. 1 11 , which is included as 
part of lheasoft version 5.3 (2003 November 17). The 
initial fitting was performed with the absorption column 
density Ah free to vary; subsequently it was fixed at the 
mean value over the entire burst to estimate the bolo- 
metric flux. The bolometric flux at each timestep i was 
calculated according to 

2 



F,=aT } 



bb,i 



= 1.076 x 10" 



fkT] 



bb,i 



V 1 keV 



K hh ,i erg cm 2 s 1 (3) 



11 We note that the geometric area of the PCUs was changed for 
this release for improved consistency between PCUs and with (e.g.) 
canonical models of calibration sources, particularly the Crab pul- 
sar. These changes have the effect of reducing the measured flux 
compared to analyses using previous versions of t he response gener- 
ating tools, by 12-14%. See lJahoda et al.l (120061) for more details. 
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TABLE 2 

BOLOMETRIC CORRECTIONS DERIVED FROM RXTE OBSERVATIONS 
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a Flux in the 2.5—25 keV band, averaged over the entire observation (excluding any bursts present). 



where Tbb is the blackbody temperature, R is the ef- 
fective radius of the emitter, d is the distance to the 
source, and is the normalisation of the blackbody 
component (we assume isotropic emission for the burst 
flux throughout, unless stated otherwise). For bursts ob- 
served in slews or offset pointings, we rescaled the mea- 
sured peak flux and fluence by 1/A8, where 9 is the 
offset between the pointing angle and the source posi- 
tion (see appendix [Bj . It is important to note that the 
apparent blackbody temperature for a distant observer 
Tbb = Tbb.oo and the apparent temperature measured 
at the surface differ by a factor of (1 + z). Further- 
more, spectral hardening arising from radiation transfer 
effects in the atmosphere increase the apparent surface 
temperature compared to the effective temperature (e.g . 
lLondon et aT]|1986t lTitarchukj[T994bl: iMadei et alj|2004h . 
Unless otherwise stated, we make no correction for the 
effects of redshift or spectral hardening, and quote the 
observed parameters for distant observers only. 

Implicit in equation §3§ is the bolometric correction to 
the burst flux measured in the PCA bandpass; this cor- 
rection adds ~ 7% to the peak 2.5-25 keV PCA flux of 
radius expansion bursts. Should the emitted spectrum 
deviate significantly from a blackbody outside the PCA 
passband, equation ([3]) will not give the correct bolomet- 
ric flux. Reassuringly, the blackbody model gave a good 
fit to the vast majority of the burst spectra (e.g. Fig. [5]), 
although we consider that systematic errors of order as 
large as the bolometric correction may yet be present in 
the flux estimates presented here. The model fits tended 
to result in poor xt values preferentially at low fluxes, in 
the burst tail; 13% of the burst spectra with fluxes < 0.25 
of the peak in that burst had xt > 2, while only 4.6% 
of the spectra with flux > 0.75 of the peak had \t > 2. 



For a x 2 distribution with 24 degrees of freedom (which 
is the typical number for the fits) we expect only 2.5% 
of reduced-^ 2 values in excess of 2, indicating that the 
X 2 distribution even for the bright spectra was skewed to 
higher values. The largest values of xt were obtained in 
bright bursts with extreme radius expansion, like those 
from 4U 1724-307 (see COo) and 4U 2129+12 C CQ71 
see also £13. ip . 

Fixing the Nn at the mean (Nnj) derived over each 
burst may introduce additional errors into the burst flux 
and fluence, if this value is substantially different from 
the true column towards the source at the time of the 
burst. Due to its modest low-energy response, the PCA 
can generally accurately determine the A^h only when 
it is > 10 22 cm" 2 . Alternative approaches, such as fix- 
ing the absorption at the measured Galactic line-of-sight 
column density, gave poorer fits overall and hence less 
reliable fit parameters. Furthermore, the local contribu- 
tion to the line-of-sight Ah can vary with time in LMXBs 
due to changes in the local distribution of matter, and 
in the absence of contemporaneous measurements by in- 
struments with better low-energy response we must rely 
on the values measured by the PCA. Errors in the fluence 
from incorrect Ah values for individual time-resolved 
spectra are likely to average out in the sum, so that 
the remaining parameter most likely to be affected by 
this source of error is the peak flux F p k. The magni- 
tude of the introduced error is « 10~ 9 ergcm _2 s _1 per 
10 22 cm -2 ; that is, for every 10 22 cm -2 we overestimate 
the column for the spectral fits, we calculate an unab- 
sorbed flux w 10~ 9 ergcm~ 2 s _1 larger. We can estimate 
the magnitude of the error by comparing the peak flux 
determined from the spectral fits with Ah fixed, to those 
where it is free to vary. We find that these values are con- 
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Fig. 5. — Example 0.25-s spectrum from the peak of a radius- 
expansion burst observed from 4U 1728—34 on 1999 June 30 
19:50:14 UT by RXTE. The top panel shows the observed spec- 
trum (after subtracting the pre-burst persistent emission), while 
the middle panel shows the inferred burst spectrum after correct- 
ing ("unfolding") for the instrumental response. The histogram in 
both panels shows the best model fit, in this case a blackbody with 
color temperature kT = 2.99 ± 0.04 keV and radius 5.091^2 km 
(assuming d = 5.2 kpc; Table lTOl absorbed by neutral material with 
column density of 6.36 X 10 21 cm -2 (the mean value derived from 
spectral fits over the entire burst). The corresponding unabsorbed 
bolometric flux is (8.2 ± 0.2) X 10 -8 ergcm _2 s _1 . Although the 
measured radius is smaller than expected for a typical neutron-star 
equation of state, it is important to note that this is an apparent 
radius which is reduced by biases in the color temperature mea- 
surement. The bottom panel shows the residual counts for the fit, 
with x 2 = 20.5 for 25 de grees of freedom indicating a statistically 
good fit. The most noticeable deviations from zero are between 
6 and 7 keV, and may originate from fluorescent Fe Ka emission 
from material surrounding the neutron star. 

sistent for 90% of the bursts, and for the remainder the 
peak flux with Ah fixed is consistently less than the peak 
flux with Ah free to vary. This is because the fitted Ah 
value for a few low signal-to-noise spectra in some (typ- 
ically very long) bursts are much higher than the mean, 
resulting in an erroneously large peak (unabsorbed) flux. 
Thus, through our approach we avoid these erroneously 
high peak fluxes by re-fitting with the Ah frozen at the 
mean, and the additional error introduced to the Fp^ are 
likely comparable to our estimated uncertainty on those 
values. 

We defined the burst start time to to be the time when 
the burst flux first exceeded 25% of the peak flux F p k 
(see e.g. Fig. [3]). The rise time t r i so is the interval from 
in to when the burst flux exceeds 90% of F p k- These 
definitions were chosen for ease of implementation and 
insensitivity to Poisson or systematic variations in the 
burst rises during, for example, strong radius expansion 



bursts. In order to describe the entire lightcurve quanti- 
tatively, we also fitted an exponential curve with decay 
constant t\ to the bolometric flux from where the flux 
first dropped below 90% of Fp^ through the decay. For 
many bursts, the evolution was not consistent with a 
single exponential decay, and so we fitted a subsequent 
exponential curve, with an independent decay constant 
?2 until the end of the interval over which we extracted 
burst spectra (128 s by default 12 ). Note that the de- 
cay curves for most bursts were not statistically consis- 
tent with this "broken" exponential model, mainly due to 
variations on smaller time-scales (for this reason we do 
not quote uncertainties for the decay constants t\ and 
t-x). However, we chose the time ranges to fit the ex- 
ponential segments so as to qualitatively described the 
burst decay with as few parameters as possible, even if 
the actual fit was poor. 

We measured the fluence Ef, by summing the measured 
fluxes over the burst, and integrating the final exponen- 
tial curve to account for any additional flux beyond the 
data window. We found significant emission compared 
to the pre-burst level at the end of the window partic- 
ularly for long bursts. We extrapolated the second (or 
first, in cases where only one exponential was used to fit 
the lightcurve) decay curve beyond the end of the data 
window, and integrated to estimate the burst flux missed 
by truncating the high-resolution data. Where this ex- 
trapolated contribution to the fluence was greater than 
the propagated error, we adopted it as the uncertainty 
instead of the propagated error. We also calculated for 
each burst a simpler, less model-dependent time scale 
t = Eb/F p k traditionally used to cha racterise burst evo- 
lution (e.g. Ivan Paradiis et aT1ll988al ) for which we esti- 
mated the uncertainties by propagating the errors on Eb 
and F pk . 

From the observed (bolometric) integrated burst flux 
Ef,, we estimate the column depth y at which the burst 
is ignited as 

_ L b d 2 (l + z) 
= 3.0 x 10 8 



E h 



10 6 erg cm 2 



<?., 



-V 



4.4 MeV/nucleon / V 1-31 



10 kpc 

l + z 



g cm 



-Rns 
10 km, 

2 



where Lb = 4ird 2 Eb is the total burst luminosity, and 
Q nuc the energy released, 4.4 MeV/nucleon for material 
with solar abundances. For sub-solar hydrogen fraction 
X, Qnuc = 1-6 + 4 (A") where (strictly speaking) X is 
averaged over the burning layer; this expression assumes 
i=a 35 % energy loss due to ne utrinos d uring the rp process 
(e.g. iFuiimoto et"aH 119871 ; see also iSchatz et all 119991 . 
|2001| ). As with the persistent emission, we assume that 
the burst emission is isotropic. 

For bursts where the recurrence time could be mea- 
sured unambiguously, we calculated the ratio of the in- 
tegrated persistent flux to the burst fluence: 



E~ b 



(5) 



12 We extracted data over longer windows for sources with typ- 
ically long bursts, e.g. GS 1826-24 and GX 17+2. 
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We propagated the errors on each of the observeable pa- 
rameters (excluding At, for which the fractional mea- 
surement errors were negligible) to calculate the error 
on a. By substituting expressions [4] and [2] into the sim- 
ple equality y — mAt (assuming implicitly that all the 
accreted fuel is burnt during the burst) we obtain the ex- 
pected value of a, which depends upon the compactness 
of the star and the burst fuel composition: 



a - 



Q g 



(i + *) 



:44 



M 



I AM, 



R 



10 km 



4.4 MeV/nucleon 



(6) 



We note that if the burst fuel is not completely con- 
sumed, the observed fluence Eb will be lower than ex- 
pected (given the available fuel), and the measured a 
(equation^ will thus be in excess of the expected value. 

2.3. Photospheric radius- expansion 

The time- resolved spectral analyses result, for each 
burst with high temporal and spectral data coverage, 
in time-series of blackbody temperature fclbb (units of 
keV) and normalization Kbb (units of (km/10 kpc) 2 ) 
throughout the burst. We examined the spectral vari- 
ation throughout each of the bursts in the catalog and 
classified them according to the following criteria. We 
considered that radius expansion occurred when 1) the 
blackbody normalization Kbb reached a (local) maxi- 
mum close to the time of peak flux; 2) lower values of 
Kbb were measured following the maximum, with the 
decrease significant to 4<r or more; and 3) there was evi- 
dence of a (local) minimum in the fitted temperature Tbb 
at the same time as the maximum in -Kbb- Bursts where 
just one or two of these criteria were satisfied we refer to 
as "marginal" cases, in which the presence of PRE could 
not be conclusively established 13 . 

For spherically symmetric emission, the Eddington lu- 
minosity measured by an observer at infinity is given by 
(jLewin et al.lll993h 



L 



Edd,oo : 



87rGm p MNsc[l + (a>TT e ) 



0.861 



ctt(1 
■ 2.7 x 10 38 

~l + z(R) 



X)[l + z(R)\ 
M NR \ 1 + (a T T c ) - 86 



1.4M 
i 



(1 + *) 



1.31 



ergs 



(7) 



where T e is the effective temperature of the atmosphere, 
qt is a coefficient parametrizing the temperature de- 
pendence o f the electron sca ttering opacity (~ 2.2 x 
10" 9 K" 1 ; iLewin et al.lll993l) . m p is the mass of the 
proton, a? the Thompson scattering cross-section, and 
X is the mass fraction of hydrogen in the atmosphere 
(~ 0.7 for cosmic abundances). The final factor in 
square brackets represents the gravitational redshift at 
the photosphere l+z(R) = (l-2GA/ NS /i?c 2 )- 1 / 2 , which 
may be elevated significantly above the NS surface (i.e. 

13 We note, however, that in the case of 4U 1728-34, the 
marginal cases have an i dentical flux distribut ion as the confirmed 
radius expansion bursts (Galloway et al,ll2003T l: so excluding these 
bursts from the sample of PRE bursts may be overly conservative. 



R > -Rns)- iKuulkers et al.1 (|2003f ) analysed all bursts de- 
tected from the 12 bursters in globular clusters, for which 
independent distance estimates are available, in order 
to rigorously test whether the radius-expansion bursts 
reached a "standard candle" luminosity. They found that 
for about two-thirds of the sources the radius-expansion 
bursts reached 3.79 ± 0.15 x 10 38 ergs" 1 . This value 
is consistent with equation [8] only for H-poor material 
and where the radius expansion drives the photosphere 
to very large radii; we note however that the spectral 
evid ence generally does no t support the latter condition 
(e.g. iSugimoto etaLlll984[) . 

Given the observed peak flux of a PRE burst -Fpk.PRE, 
we estimated the distance as 

1/2 

d- 



Edd, 



\4ttF, 



pk.RE 



= 8.6 



pk,RE 



3 x 10~ 8 erg cm 2 s 



-1/2 



NI- 



NE 



lAMp 



1/2 



X 



1 + z(R) 



-1-1/2 



1.31 



{l + X)- 1 ' 2 kpc 



(8) 



We discuss the properties of the radius-expansion bursts 
in g3Tj 

2.4. Burst oscillations 

We searched for burst oscillations in data recorded 
with 2 -13 s (122 fis) time resolution. We computed fast 
Fourier transforms of each 1 s interval of data for the 
first 16 s of the burst, and searched for signals in bursts 
from sources with previously-detected burst oscillations 
within 5 Hz of the known oscillation frequencies. We 
considered a signal to be a detection if it had less than a 
1% chance of occurring due to noise given the 160 trial 
frequencies searched for each burst. A signal was consid- 
ered significant if it passed any of three tests: (1) having 
a probability of < 6 x 10~ 5 that it was produced by noise 
in a single trial, (2) persisting for two adjacent (indepen- 
dent) time and frequency bins with a chance probability 
of < (6 x 10~ 5 ) 1/2 /6 = 1.3 x 10" 3 , or (3) occurring in 
the first second of a burst with a chance probability of 
< 10~ 3 . 

If oscillations were detected during a burst, we then 
determined whether they were observed during the rise, 
peak or decay of the burst. We defined these character- 
istic times during the burst using data with 0.25 s time 
resolution. The rise of the burst was defined to start 
0.25 s before the first time bin in which the count rate 
rose above 25 % of the peak count rate, and ended in the 
last time bin for which the count rate was less than 90% 
of the peak count rate. The peak of the burst was de- 
fined to last from the end of the rise until the count rate 
dropped back below 90% of the peak count rate. The 
decay of the burst commenced at the end of the peak, 
and lasted through to the end of the high-time resolu- 
tion data (typically < 200 s duration). 

Figure [3] illustrates how these times were defined for 
a burst from 4U 1702-429. Oscillations were detected 
during the rise and decay of this burst, but not during 
the peak. Note that the over-sampled dynamic power 
spectrum displayed in this figure was not used to search 
for oscillations; only non-overlapping power spectra were 
used for the oscillation search. Where oscillations were 
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not detected in any of the 1-s intervals, we also com- 
puted FFTs of 4-s intervals covering the burst. We used 
a probability threshold of 10~ 3 to determine when the 
oscillations occurred, corresponding to a 1% chance of 
observing a spurious signal during each 1 s interval (10 
trial frequencies). 

We computed the amplitudes of the oscillations accord- 
ing to 

where P is the power from the Fourier spectrum, 1 1 is the 
total number of counts in the profile, and B 1 is the esti- 
mated number of background counts. We estimated the 
background using the mean count rate 16 seconds prior 
to the start of the burst. Since the detection thresh- 
old is a fixed power, the minimum detectable amplitude 
depends on the number of counts produced by a burst. 
We discuss the global properties of the bursts from burst 
oscillation sources in £13.71 

2.5. Combined burst samples 

We combined samples of bursts from different sources 
in order to analyse larger samples than would be possi- 
ble for a single source. Throughout this paper we refer 
to these combined samples as U S label" where label cor- 
responds to the selection criteria. The details of each 
subsample discussed in the text are listed in Table [71 

We assembled two principal samples using the two 
measures of the accretion rate Af (see £12. ip . First, we 
calculated the mean peak flux (-Fpk,PRE) of the radius- 
expansion bursts from each source that exhibited at least 
one. We identify this value as the flux corresponding 
to the Eddington luminosity for that source, i*Edd- For 
each observation we then calculated the dimensionless 
persistent flux 7 = F p / '-Fedd; rescaling the measured per- 
sistent flux (see £12.11) by the fEdd f° r that source (this 
approach follows Ivan Paradijs et all Il988afj 14 . We ex- 
cluded sources for which the PCA field of view contains 
other active sources, since we cannot reliably estimate 
the persistent flux in those cases (GRS 1741.9—2853, 
2E 1742.9-2929 and SAX J1747.0-2853). It is possi- 
ble that the Eddington luminosity varies from source to 
source, e.g. due to variations in the composition of the 
photosphere, and this may introduce a bias when com- 
bining data based on 7 of up to a factor of 1.7. We also 
neglect the precise bolometric correction Cboi for each 
observation, which introduces an error up to a factor of 
two (see £12.ip . Ideally, 7 is approximately equal to the 
accretion rate as a fraction of the Eddington rate, i.e. 

7 Af/AfEdd- This approach has the advantage of be- 
ing independent of assumptions about exactly what is the 
value of the Eddington limit reached by the bursts. The 
principal drawback is that it is only possible for those 
sources with at least one detected PRE burst, although 
these sources represent the majority of the bursts con- 
tributing to our sample. We refer to this sample as £7 
(see Table [7] for a summary). We also calculated the 
normalized peak burst flux U p — -Ppk/^Edd and fluence 

14 For reference, 7 = 0.1 corresponds to between 1.6-3.5 X 
10 37 ergs -1 (depending upon the maximum radius R and atmo- 
spheric composition X in Equation . 
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Fig. 6. — Comparison of the two parameters used in i|3.4l as prox- 
ies for M to combine bursts from different sources. The position 
along the color-color track, Sz (averaged over each observation) 
is plotted against the normalised persistent flux 7 = -Fp/i^dd f° r 
eight of the nine sources with well-defined color-color diagrams. 
XTE J2123— 058 is excluded since no PRE bursts were detected, 
and thus 7 cannot be determined. The two parameters are roughly 
proportional at high and low Sz for all sources (in the upper and 
lower branches of the color-color diagrams in Fig. U), but in the 
range Sz — 1-2 7 is approximately constant or varies over a wide 
range, depending upon the source. 

Ub = Eb/Fftdd in order to measure the combined distri- 
bution of those parameters in £13.11 
There is substantial evidence that F p may not strictly 

track Af (e.g. lHasinger fc van der Klii[T9 89), so that 7 
may not be the best available measure of Af. Thus, we 
assembled a second sample of bursts from only those 
sources with a well-defined color-color diagram, in this 
case adopting the position along the color-color diagram 
Sz as a proxy for Af (see H2.ll we refer to this sample 
as SSz, Table [7]). We show in Fig. [6] the comparison 
between the observation-averaged Sz and 7 for eight of 
the nine sources with both well-defined color-color dia- 
grams. For most of the sources, Sz was proportional to 7 
when Sz < 1 (upper or "island" horizontal branch in Fig. 
[3]) and Sz > 2 (lower or "banana" branch). However, 
between these two branches 7 is essentially constant at 
between 0.006 and 0.06, indicating that the transition be- 
tween the two branches takes place at a roughly constant 
flux. For two sources, 4U 1608-52 and KS 1731-26, the 
relationship is more complex, and some observations with 
very hard spectra (Sz ~ 2) actually have very low 7. 

We measured mean burst rates for the combined burst 
samples 1S7 and SSz as a function of accretion rate (by 
proxy). In order to guarantee reasonable statistics, we 
defined bins such that some minimum number of bursts 
fell into each bin. We then calculated the mean burst 
rate within each bin as the number of bursts divided by 
the total duration of observations which also fell into that 
bin. We also measured recurrence times t rec from a third 
sample SAt comprising successive pairs of bursts with re- 
currence times < 10 hr. In general the measured separa- 
tion of a pair of bursts is an upper limit on the recurrence 
time, due to the possibility of missing intervening events 
in data gaps arising from Earth occultations. Additional 
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bursts occurred (see Q2.1\i and calculated a according to 
equation[5l We discuss the variations in burst properties, 
including (a) , as a function of rh in §3.41 



Fig. 7. — Sky distribution of bursters showing those observed by RXTE, as well as those from which bursts were detected. Sources 
within globular clusters are additionally indicated by a larger concentric circle. The lower panel shows the region around the Galactic 
center. The four (unlabeled) sources closest to the Galactic origin are (clockwise from lower left) are SAX J1747. 0—2853, GRS 1741.9—2853, 
KS 1741—293 and 2E 1742.9—2929. The dashed line shows the approximate projected radius of the Galactic bulge. 

data gaps arise from satellite passages through the South 
Atlantic Anomaly, during which the PCA is turned off 
to protect the electronics from damage. We can estimate 
the recurrence time with more confidence when the burst 
is observed within a high duty-cycle observing interval, 
or where the source is bursting regularly 15 . For each pair 
of bursts matching this criteria we calculated the instan- 
taneous burst rate as l/t rcc . We note that SAt also in- 
cludes bursts with very short separations < 30 min, for 
which the occurrence is episodic and thus not indicative 
of a steady recurrence time (see §3.8. 2|) . 

We also calculated mean a- values (which we designate 
(a)) for the combined samples £7 and SSz- For the 
bursts arising from observations which fall in a bin j 
(defined as a range in 7 or Sz, for samples 1S7 and SSz, 
respectively) we calculated 



(10) 



where ti is the duration of each observation. We note 
that (a) calculated in this manner is an underestimate of 
the true value, since 7 is calculated from the 2.5-25 keV 
flux, which broad-band spectral fits indicate contributes 
typically 60-90% of the bolometric persistent flux (de- 
pending upon the source and the spectral state). We 
measured the a values directly for pairs of bursts from 
sample SAt. Here we determined the bolometric cor- 
rection appropriate for the observations(s) in which the 

15 We note that this sample is not complete, but is limited to 
sources of particular interest; see Table [7] 



3. THERMONUCLEAR X-RAY BURSTS OBSERVED BY 
RXTE 

We detected a total of 1187 thermonuclear bursts from 
48 sources in public RXTE observations up to 2007 June 
3. We summarise the numbers of bursts from individual 
sources in Table [3] The sky distribution of burst sources 
is shown in Fig. [7] Our burst search included all known 
thermonuclear burst sources as at 2007 June 3. Recently 
discovered examples include the faint INTEG RAL source 
IGR J17364-2711 dChelovekov et all l2f)Mk the tran- 
sients IGR J 17 464- 28 11/X MMU J174716. 1-281048 
pel Santo et alj 120071 ) and 

IGR J 17473- 2721 / XTE J1747-274 (see JOHl 
iGrebenev et al.ll2005| ) and the 294 Hz burst osc il lation 
source IGR J17191- 2821 (|Klein-Wolt et all [20071 : 
iMarkwardt et al.1 [2007). Eighteen sources previously 
found to exhibit thermonuclear bursts were observed by 
RXTE but with no detected bursts (Table g]). 

For each source with bursts observed by RXTE we list 
the relevant analysis results in Table 5. The superscript 
to the burst number indicates a range of potential anal- 
ysis issues, as follows: 

a The burst was observed during a slew, and thus 
offset from the source position. 

b The observation was offset from the source posi- 
tion. In cases (a) and (b) we scaled the flux and 
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TABLE 3 

LMXBS WITH TYPE-I X-RAY BURSTS DETECTED BY RXTE UP TO 2007 JUNE 3 



Source 


Type a 


RA 


Dec 




*orb 
(hr) 


"obs 


77- 

Time 

(ks) 


"burst 


— 77 — ; 

Mean burst 
rate (hr - 1 ) 


"RE 


4TI 051 3—40 


G 


05 1 4 06 6 


-40 02 37 




555 


1200 


7 


0.021 


I 


P,YD 0748 — fi7fi 


TD 


07 48 11 8 


(\7 4^ 08 


3.82 


489 


1390 


94 


0.24 


3 


1 M 08^6—42^ 

_l_i.VJ_ vUrJU riinj 


T 


08 17 22 7 


-42 ^1 08 

L ±£i 'J'J uo 




29 


143 


17 


0.43 








09 20 26 8 


-55 12 24 




79 


387 


1 


0.037 


1 


4U 1254-69 


DS 


12 57 37.2 


-69 17 20 


3.93 


26 


279 


5 


0.064 




4U 1323-62 


D 


13 26 36.1 


-62 08 10 


2.93 


15 


264 


30 


0.41 




4U 1608-52 


TAOS 


16 12 42.9 


-52 25 22 




546 


1650 


31 


0.068 


12 


4U 1636-536 


AOS 


16 40 55.5 


-53 45 05 


3.8 


454 


2790 


172 


0.22 


46 


MXB 1659-298 


TDO 


17 02 06.3 


-29 56 45 


7.11 


80 


356 


26 


0.26 


12 


4U 1702-429 


AO 


17 06 15.2 


-43 02 09 




196 


1300 


47 


0.13 


5 


4U 1705-44 


A 


17 08 54.6 


-44 06 02 




140 


605 


47 


0.28 


3 


XTE J1709-267 


T 


17 09 30.2 


-26 39 27 




39 


145 


3 


0.075 




XTE J1710-281 


DT 


17 10 12.4 


-28 07 54 




63 


231 


18 


0.28 


1 


XTE J1723-376 


T 


17 23 38.0 


-37 39 42 




4 


34.1 


3 


0.32 




4U 1724-307 


GA 


17 27 33.2 


-30 48 07 




93 


512 


3 


0.021 


2 


4U 1728-34 


AO 


17 31 57.3 


-33 50 04 




346 b 


1940 b 


106 


0.20 


69 


Rapid Burster 


GT 


17 33 24.0 


-33 23 16 




344 b 


1900 b 


66 


0.13 




KS 1731-260 


TOS 


17 34 13.0 


-26 05 09 




78 


483 


27 


0.20 


3 


SLX 1735-269 


T 


17 38 16.0 


-27 00 18 




53 b 


287 b 


1 


0.013 




4U 1735-44 


AS 


17 38 58.2 


-44 26 59 


4.65 


82 


454 


11 


0.087 


6 


XTE J1739-285 


T 


17 39 54.0 


-28 29 00 




27 c 


135 c 


6 


0.16 




KS 1741-293 


T 


17 44 49.2 


-29 21 06 




452 c 


2090 c 


1 


0.0017 




GRS 1741.9-2853 


O 


17 45 00.6 


-28 54 06 




440 c 


2070 c 


8 


0.014 


6 


2E 1742.9-2929 


T? 


17 46 06.2 


-29 31 05 




440 c 


2070 c 


84 


0.15 


2 


SAX J1747.0-2853 


T 


17 47 02.6 


-28 52 59 




433 c 


2090 c 


23 


0.040 


10 


IGR 17473-2721 




17 47 18.1 


-27 20 39 




114 b 


560 b 


2 


0.013 




SLX 1744-300 




17 47 25.9 


-30 02 30 




39 c 


290 c 


3 


0.037 




GX 3+1 


A 


17 47 56.0 


-26 33 48 




106 b 


539 b 


2 


0.013 


1 


1A 1744—361 


TD? 


17 48 14.0 


-36 07 30 




15 


40.6 


1 


0.089 




SAX J1748. 9-2021 


TG 


17 48 53.4 


-20 21 43 




27 


149 


16 


0.39 


6 


EXO 1745-248 


TG 


17 48 55.7 


-24 53 40 




51 


148 


22 


0.54 


2 


4U 1746-37 


GA 


17 50 12.6 


-37 03 08 


5.7 


51 


445 


30 


0.24 


3 


SAX J1750.8-2900 


TO 


17 50 24.0 


-29 02 18 




42 c 


161 c 


4 


0.090 


2 


GRS 1747-312 


GDT 


17 50 45.5 


-31 17 32 


12.36 


114 b 


670 b 


7 


0.038 


3 


XTE J1759-220 


D? 


17 59 42.0 


-22 01 00 




17 


107 


1 


0.034 




SAX J1808. 4-3658 


PT 


18 08 27.5 


-36 58 44 


2.01 


316 


1390 


6 


0.016 


5 


XTE J1814-338 


TP 


18 13 40.0 


-33 46 00 


4.27 


90 


447 


28 


0.23 




GX 17+2 


ZS 


18 16 01.3 


-14 02 11 




147 


917 


12 


0.047 


2 


3A 1820-303 


GAS 


18 23 40.5 


-30 21 40 


0.19 


186 


1230 


5 


0.015 


5 


GS 1826-24 


T 


18 29 27.0 


-23 47 29 




127 


929 


65 


0.25 




XB 1832-330 


GT 


18 35 44.1 


-32 59 29 




13 


102 


1 


0.035 


1 


Ser X-l 


S 


18 39 57.5 


+05 02 08 




41 


251 


7 


0.10 


2 


HETE J1900.1-2455 


TP 


19 00 08.6 


-24 55 14 


1.39 


194 


664 


2 


0.011 


3 


Aql X-l 


TAO 


19 11 15.9 


+00 35 06 


19.0 


411 b 


1650 b 


57 


0.12 


9 


4U 1916-053 


D 


19 18 47.9 


-05 14 08 


0.83 


51 


412 


14 


0.12 


12 


XTE J2123-058 


TA 


21 23 16.1 


-05 47 30 


5.96 


5 


67.2 


6 


0.32 




4U 2129+12 


G 


21 29 58.3 


+12 10 02 


17.1 


32 


343 


1 


0.010 


1 


Cyg X-2 


Z 


21 44 41.2 


+38 19 18 


236.2 


379 


1910 


55 


0.10 


8 


Total (48 sources) 












1187 




247 





a Source type, adapted from lT7iu et al.l ll2001fl ; A — atoll source, D — "dipper", G — globular cluster association, O — burst oscillation, P — pulsar, 
S — superburst, T — transient, Z — Z-source. Wc omit the "B" designation indicating a burst source. b For sources with a neighbor within 1°, we 
combine all observations which include this source within the field of view (possibly including observations of the neighbor). Similarly, for sources 
towards the Galactic center, we combine all observations which include the source in the field of view to calculate the mean burst rate. 

f An extremely faint burst or possibly problems with 
the background subtraction, resulting in no fit re- 
sults; 

g the full burst profile was not observed, so that the 
event can be considered an unconfirmed burst can- 
didate. Typically in these cases the initial burst 
rise is missed, so that the measured peak flux and 
fluence are lower limits only; 

h High-time resolution datamodes did not cover the 
burst. 

Column (2) lists the ID for the observation during which 
the burst was observed; (3) the burst start time in UT 



fluence by the mean collimator response appropri- 
ate for the position of the source in the field of view, 
as described in appendix IBl 

c The origin of the burst is uncertain; the burst 
may have been from another source in the field-of- 
view (we rescaled the flux and fluence, if necessary, 
based upon the assumed origin); 

d Buffer overruns (or some other instrumental effect) 
caused gaps in the high time-resolution data; 

e The burst was so faint that only the peak flux could 
be measured, and not the fluence or other param- 
eters; 
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and MJD (we neglect corrections to give the time at the 
solar-system barycenter); (4) the peak flux F p k, in units 
of 1CP 9 erg cm" 2 s" 1 ; (5) the burst fluence Eb, in units 
of 1CP 6 erg cm -2 ; (6) the presence of radius expansion; 
(7) rise time (s); (8) peak count rate, per PCU; (9,10) 
the exponential decay constants t\ , T2 describing the de- 
cay of the burst, where available; (11) burst time scale 
(Et/^pk); and (12) burst fluence normalized by the mean 
peak flux of the PRE burs ts FEdd, where available (C/j, in 
Ivan Paradiis et aT1ll988af ). From analysis of the persis- 
tent spectrum, excluding the bursts (see §2.ip we list in 
column (13) the persistent flux level F p prior to the burst 
(2.5-25 keV, units of 1CT 9 ergcm^ s" 1 ); (14) the per- 
sistent flux normalised by Ffedd (7 in Ivan Paradijs et al.l 
Il988a|) ; (15,16) soft and hard color prior to the burst; 
and (17) position on the color-color diagram Sz, where 
available. From estimates of the recurrence times of reg- 
ular and/or approximately contemporaneous bursts from 
a subset of 23 sources, we compiled a set of 209 t ICC val- 
ues (this we refer to as sample S At; see Table [7]) from 
which we derived (18) the inferred burst recurrence time 
At; using this value and (19) the correction Cboi (see also 
Table [2|) used to estimate the bolometric flux from the 
measured 2.5-25 keV persistent flux, we derived (20) the 
corresponding a-value, calculated according to equation 
O Finally in column (21) we list references to previ- 
ously published analyses of the burst. Note that we do 
not list values for columns 12-17 for those observations 
where we expect that more than one source is active in 
the field (see appendix[B]). We assembled various subsets 
of the detected bursts, as described in §2.51 for the sub- 
sequent analyses; these samples are summarized in Table 

El 

We plot the ASM intensity and burst activity of se- 
lected sources in Fig. [5] We also plot lightcurves and 
spectral evolution for individual bursts for all sources in 
Fig. [9l Note that only the bursts with time-resolved 
spectral information are plotted; this excludes bursts 
flagged with superscripts e, /, g, h, or i in Table 5. 

We searched 515 bursts from sources with previ- 
ously detected burst oscillations, and detected oscilla- 
tions from 194 in this manner 16 ; fewer than 10 should 
be spurious detections of noise signals according to 
our selection criteria. We omitted 12 bursts from 
our analysis, principally because they lacked data with 
sufficiently high time resolution to search for oscilla- 
tions. We also omitted bursts from EXO 0748-676 
from our analysis, since the oscillations in that source 
have o nly been detected in summed FFTs from many 
bursts l|Villarreal fc Stro hmavcr 2004!). The bursts from 
the vicinity of the Galactic center exhibiting 589 Hz 
oscillations were originally thought to originate from 
MXB 1743—29, although we attribute them instead to 
GRS 1741.9— 2853, a newly-discovered source at the time 

We searched for, but did not detect, oscillations 
at 410 Hz in SA X J1748.9-2021 (as claimed by 
iKaaret et al.1 [2003); this source has subsequently ex- 
hibited intermittent persistent pulsat i ons a t 442 Hz 
(|Gavriil et al.l l2007t lAltamirano et all I2008D . strongly 

16 Our analyses led to the discovery of 2 67 Hz burst oscilla- 
tions in 4U 1916-053 l|Gallowav et al.ll20uTh . as well as 620 Hz 
oscillations in 4U 1608—52 (Hartman et al. 2008, in preparation). 



suggesting the earlier detection was spurious. We 
also made a targeted search around 1122 Hz for the 
bursts from XTE J1739-285, without success (cf. with 
IKaaret et al.l [2007). This may be attributable to a dif- 
ferent choice of time windows for the 4-s FFTs; in our 
search the windows do not overlap (to ensure they are in- 
dependent) , while the earlier search adopted overlapping 
windows beginning each 0.125 s. 

We summarise the millisecond oscillation search in Ta- 
ble [51 and list the results for individual bursts in Table 
[9l Where sufficient signal was available to detect oscil- 
lations independently in the rise, peak and decay of the 
burst, we indicate the detection in the "Location" col- 
umn (R, P and D, respectively). We also list the maxi- 
mum Leahy power and the maximum fractional rms for 
the oscillation. 

3.1. Photo spheric radius expansion and source distances 

Photospheric radius-expansion (PRE) bursts are a key 
phenomenon which allow measurement of the distance 
to bursting sources, as well as (in princi ple) determi- 
nation of neutron star masses and radii (|Damen et al.l 
119901: lOzell [20061 ). For these bursts, the large collecting 
area of RXTE permitted time-resolved spectral analysis, 
allowing us to identify radius-expansion episodes from 
the overwhelming majority of bursts in which they oc- 
curred. We were able to satisfy our criteria for radius- 
expansion (see §2.3[) for bursts peaking at fluxes as low 
as 5 x 10~ 9 ergcm" 2 s" 1 ; the brightest PRE bursts in 
our sample reached more than 1.7 x 10~ 7 ergcm~ 2 s _1 . 
We thus identified photospheric radius-expansion bursts 
from 35 of the 48 sources with bursts detected by RXTE 
(Table [TO]). 

We adopt the mean peak flux of radius-expansion 
bursts as the Eddington luminosity for that source, 
F-Edd = (-Fpk,pRE) = iEdd/47T(i 2 . Comparisons of bursts 
from different sources based on this value may be bi- 
ased, for two reasons. First, PRE bursts from individual 
sources may not all reach consistent peak fluxes; and 
second, the Eddington luminosities i-Edd may vary from 
source to source. We observed highly significant (> 5cr) 
variations in the peak PRE burst fluxes for 16 of the 
27 sources with more than one PRE burst. For individ- 
ual bursts, the estimated (statistical) uncertainty on the 
measured peak flux was typically ~ 2%, while the frac- 
tional variation of peak fluxes from all PRE bursts from 
a given source was typically 5-10%. The mean fractional 
standard deviation over all 27 sources was (13 ± 9)%, 
with a maximum of 38% for GRS 1747-312. 

The peak fluxes of the combined sample of radius- 
expansion bursts, normalized by the FEdd value for each 
source, were in the range 0.26-1.4 (Fig. [TQ1 upper panel). 
We note that the PRE burst sample includes those with 
marginal evidence for radius-expansion (see ^2.3|) . The 
burst with the smallest normalized peak flux in this class 
wa s from 4U 1636—536 (0.26), although (as discussed 
by iGallowav et alj 120061 ) the spectral variation in this 
burst may have instead arisen from the same mecha- 
nism that gave rise to the double-peaked bursts (see 
§A.8|) . We also plot the distribution of the normalized 
fluence, Ub — Eb/F^dd, in Fig. [TUl lower panel. There 
was much greater overlap in Ub between the distribu- 
tions for the PRE and non-PRE bursts, than for the 
normalized peak flux. The 18 bursts with the highest 
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TABLE 4 

Type-I X-ray burst sources observed by RXTE with no detected bursts 











-forb 




Time 


(F P ) 






Source 


Type a 


RA 


Dec 


(hr) 


^obs 


(ks) 


(10 9 erg cm 2 s 1 ) 


Ref. 


at T nc i a i nn 

4U 0614+09 


An 


Ob 17 07.3 


i on no i o 

+09 08 13 




o on / onn\ 

339(300) 


2161.3 


n c n o it 

O.bO-2.7 


1,2] 


4U 1246—58 




12 49 3b. 


pf n ot 1 o 

-59 07 18 




15(13) 


21.2 


0.16-0.52 


■3] 




Cen X-4 


T 


1/i f a n o n 

14 58 22.0 


o i a n ot 

-31 40 07 


15.1 


4 


10.4 


n nnni I n nni a 

0.0091 ± 0.0014 


4,51 


Cir X-l 


TAD 


15 20 40.8 


rr t 1 n nn 

-57 10 00 


398.4 


rr no (ah t\ 

599(467) 


2bb7.3 


o o t*n c rr 

0.050-D5 


6] 




l-b Ib03.b+2b00 


D? 


lb 05 45.8 


+25 51 45 


1.85 


12(6) 


30.1 


0100 I n nn 1 c 

0.0132 ± 0.001b 


7] 




/ITT 1 TO C o o 

4U 1705— 62 




1 t no rr a a 

17 U8 54.4 


on 1 o rr 

-v>2 18 57 




1 


3.6 


0.11 


8] 




4U 1 / Uo— 4U 




17 in HQ n. 

1/12 2o.U 


-4U 5U OO 




1 4 


61.1 


0.0/ ± 0.13 


9] 




SAX 11 71 2 fi— 3739 


T 


17 12 34.0 


-37 38 36 




2 


3.8 


278 + 008 


10 




OQ 1 71 1 QQQ 


T 


17 1 A 17 


Q/l H'i Qfi 






42 1 


n 01 Q 
u.uiy u.o4: 


11 




3A 1715-321 




17 18 47.3 


-32 10 40 




13(5) 


100.2 


0.020-6.7 


12 




GPS 1733-304 


G 


17 35 47.6 


-30 28 55 




7 


56.6 


0.079 ± 0.017 


13 




IGR J17364-2711 alt. pos. 


T? 


17 38 05.0 


-37 49 05 




1 


3.8 


0.086 


11 




SAX J1752.3-3138 c 




17 52 24.0 


-31 37 42 




2 


2.8 




15 




SAX J1806.8-2435 


TA 


18 06 51.0 


-24 35 06 




19(15) 


62.9 


0.043-14 


16 




GX 13+1 


A 


18 14 31.0 


-17 09 25 


577.6 


65(37) 


560.8 


8.6 + 1.1 


17 




4U 1812-12 


A 


18 15 12.0 


-12 04 59 




27 


187.6 


0.64 + 0.14 


18 




AX J1824.5-2451 




18 24 30.0 


-24 51 00 




19(10) 


177.2 


0.013 ± 0.002 


19 




4U 1850-08 


GA 


18 53 04.8 


-08 42 19 


0.343 


11 


65.1 


0.22-1.4 


20,21] 


1A 1905+00 d 




19 08 27.0 


+00 10 07 




13 


71.9 




22] 


Total (19 sources) 
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Note. — This tabic does not include observations towards the Galactic center which cover multiple sources 

Source type, as for Tabic [J Number in parentheses is the number of observations analysed to determine the flux range in column 8.' 



Flux 

measurements are unreliable due to contamination from the nearby (0?49 away) transient GRS 1747— 312 a Flux measurements are unreliable due 
to contamination from the nearby (0?82 away) transient Aql X-l 



normalized fluence (L4 > 20, not shown) all exhibited 
PRE. These include extreme radius expansion bursts 
from 4U 1724-307 f €AJ5|) and 4U 2129+12 ( COT]) , 
amongst others, as well as the very long bursts from 
GX 17+2 f €Q8l) . 

Several factors apparently contribute to the scat- 
ter in peak PRE burst fluxes for individual sources. 
Faint, symmetric bursts observed from 4U 1746—37 and 
GRS 1747-312 appeared to exhibit PRE but reached sig- 
nificantly sub-Eddington fluxes. The three PRE bursts 
from 4U 1746—37 reached peak fluxes of (4.5-6.3) x 
10~ 9 erg cm" 



host cluster NGC 6441 (d = 11 kpc; iKuulkers etldl 
|2003| ) this flux indicates a peak isotropic luminosity 
of (7-9) x 10 37 ergs -1 , well below the expected lu- 
minosity even for the (lower) Eddington limit for H- 
rich material, ~ 1.6 x 10 38 ergs -1 (equation [7] with 
X = 0.7). Simi l ar res ults were found for this source 
bv ISztaino et al.1 (|1987l ). One of the three PRE bursts 
observed from GRS 1747—312 was similarly underlumi- 
nous, reaching a peak flux of 1.0 x 10 -9 ergcm -2 s -1 
which (for the estima ted distance to Terzan 6 of 9.5 kpc; 
IKuulkers et al.l [2003D corresponds to an isotropic lumi- 
nosity of 1.1 x 10 38 ergs -1 . Two other PRE bursts 
were detected from GRS 1747—312, both reaching much 
higher peak fluxes of 1.7 and 2.2 x 10 -9 erg cm -2 s -1 . 
The corresponding range of PRE burst peak fluxes for 
this source was the highest of all the sources in the RXTE 
sample, with the brightest PRE burst 2.2 times brighter 
than the faintest. The spectral evolution of these faint 
PRE bursts was distinctly different from the PRE burst s 
from other sources (see also lGallowav et al.ll2004ai r2008). 
and resembled that of the short, anomalous bursts from 



Cyg X-2 (see ^A.48|) . These underluminous PRE bursts 
define a distinct class of bursts which appear to exhibit 
radius expansion but which reach peak luminosities sig- 
nificantly below the Eddington limit, in some cases re- 
sulting in a much greater variation in their peak fluxes 
(for an individual source) than for typical PRE bursts. 

Conversely, the intrinsically most energetic events, ex- 
emplified by bursts from 4U 2129+12 and 4U 1724-307, 
tended to reach luminosities significantly in excess of the 
Eddington luminosity ^Edd- These "giant" bursts exhib- 
ited unusually large fluences (and hence long timescales), 
and expansion to large radii (e.g. Fig. [TTj) . At the esti- 
mated distances to the host globular clusters of these 
sources, the implied isotropic luminosities reached by 
these bursts were a factor of 2-3 larger than the expected 
Eddington luminosity, even for X = 0. As with the other 
PRE bursts, we applied the gravitational redshift correc- 
tion in equation [7] with R = i?NS ■ If the photospheric 
radius is larger at the flux maximum, the intrinsic lumi- 
nosity will be overestimated. However, examination of 
the spectral evolution of these two bursts indicates that 
the blackbody radius at flux maximum is similar to the 
asymptotic value in the tail of the burst. Thus, the red- 
shift correction alone cannot explain the unusually large 
peak fluxes. Apparently super-Eddington PRE bursts 
were also observed from EXO 1745-248 (see ^A.3ip . 
One explanation for these discrepancies is that the glob- 
ular cluster distances are systematically in error, and the 
sources are actually significantly closer (note the smaller 
distance estimate for the hos t cluster of EXO 1745—248 
made bv lOrtolani et all 2007). However, extremely ener- 
getic bursts observed from sources outside globular clus- 
ters reached peak fluxes significantly larger than less en- 



Tabic 5. Thermonuclear X-ray bursts observed by RXTE 



(1) 


(2) 


(3) 




(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 


(19) 


(20) 


(21) 






Start time 




Peak flux 


Fluence 




Rise 


Peak count 






Time- 


Normalized 


F per (2.5-25 keV, 


Normalized 


Soft 


Hard 




Inferred 








ID 


Obs ID 


UT 


MJD 


10~ 9 ergs cm -2 s -1 


10" 6 ergscm" 2 


PRE? 


time (s) 


rate (PCU" 1 ) 


Tl 


T2 


scale 


fluence 


10~ 9 ergscm -2 s -1 ) 




color 


color 


Si 


A£ (hr) 






Refs 


4U 0513-40 


1 


10078-02-01-02 


1996 Mar 9 14:47:27 


50151.61629 


11.1 ±0.6 


0.095 ±0.003 


N 


1.25 ±0.18 


970 


5.25 


14.2 


8.5 ±0.5 


4.79 ±0.19 


0.336 ±0.005 


0.0170 ±0.0005 
















2 


40404-01-07-05 


1999 May 26 06:53:12 


51324.28695 


13.0 ±0.5 


0.1392 ± 0.0016 


N 


0.5 ±0.4 


1069 


5.18 


19.2 


10.7 ± 0.4 


7.04 ±0.20 


0.201 ±0.004 


0.0101 ± 0.0003 


1.48 ± 0.04 


0.452 ± 0.017 










[1] 




40404-01-12-11 


2000 Feb 7 17:54:18 


51581.74605 


14.8 ±0.6 


0.195 ± 0.005 




1.5 ± 0.4 


1198 


5.90 


11.9 


13.2 ±0.7 


9.8 ± 0.4 


0.268 ± 0.006 


0.0135 ± 0.0005 


1.59 ± 0.04 


0.529 ± 0.016 












4 


50403-01-01-00 


2000 Mar 19 10:55:49 


51622.45543 


15.2 ±0.6 


0.144 ± 0.004 


N 


2.0 ± 0.7 


1242 


6.57 




9.5 ± 0.4 


7.3 ±0.3 


0.327 ±0.005 


0.0165 ± 0.0005 


1.50 ±0.04 


0.540 ±0.019 












5 


70403-01-01-00 


2002 Mar 18 13:50:26 


52351.57670 


13.8 ± 0.4 


0.1151 ±0.0016 


N 


2.0 ± 0.7 


135", 


2.98 


16.8 


8.4 ± 0.3 


5.82 ±0.17 


0.650 ±0.010 


0.0328 ± 0.0010 


1.47 ±0.03 


0.552 ±0.011 












6 


91402-01-01-00 


2005 Mar 13 02:06:01 


53442.08752 


17.0 ±0.5 


0.125 ± 0.003 


Y? 


1.0 ± 0.4 


1680 


4.43 




7.4 ±0.3 


6.3 ±0.2 


0.642 ± 0.008 


0.0325 ± 0.0009 


1.41 ±0.07 


0.51 ± 0.03 












7 


92403-01-15-04 


2006 Nov 4 16:31:31 


54043.68856 


19.8 ± 0.5 


0.435 ±0.002 


Y 


2.0 ± 0.4 


1928 


14.5 




22.0 ±0.6 


22.0 ± 0.6 


0.113 ±0.007 


0.0057 ± 0.0004 


1.45 ± 0.09 


0.63 ± 0.05 












EXO 0748-676 




10108-01-10-00 


1996 Aug 15 17:38:54 


50310.73536 


1.92 ±0.07 


0.0353 ±0.0007 


N 


8.0 ± 1.4 


254 


8.64 




18.4 ± 0.8 


0.85 ±0.11 


0.227 ± 0.008 


0.0055 ± 0.0007 


3.18 ±0.18 


1.04 ± 0.02 












2 


10108-01-10-00 


1996 Aug 15 17:55:56 


50310.74719 


5.9 ±0.2 


0.0838 ± 0.0012 


N 


3.5 ± 0.4 


599 


8.60 


52.6 


14.2 ±0.5 


2.0 ±0.2 


0.227 ±0.008 


0.0055 ± 0.0007 


2.12 ±0.06 


0.941 ± 0.017 




0.284 


1.93 ± 0.02 


5.350 ±0.010 




3 


10108-01-07-01 


1996 Aug 15 21:47:35 


50310.90805 


8.2 ±0.4 


0.259 ±0.015 


N 


7.50 ±0.18 


703 


12.5 


62.7 


31 ± 2 


6.3 ±0.9 


0.277 ±0.005 


0.0067 ± 0.0008 


1.92 ± 0.05 


0.938 ± 0.015 




3.86 


1.93 ± 0.02 


28.63 ± 0.11 




4 


10108-01-12-00 


1996 Oct 2 06:04:50 


50358.25337 


12.9 ±0.4 


0.182 ±0.002 


N 


3.5 ± 0.4 


1135 


8.17 


28.6 


14.1 ± 0.5 


4.4 ±0.5 


0.287 ± 0.005 


0.0069 ± 0.0009 


2.32 ±0.13 


0.96 ± 0.03 












5 


10108-01-13-00 


1996 Oct 2 09:25:56 


50358.39302 


9.9 ±0.3 


0.1884 ±0.0016 


N 


3.0 ± 0.4 


874 


5.91 


32.9 


19.0 ±0.7 


4.5 ± 0.6 


0.277 ±0.003 


0.0067 ± 0.0008 


2.22 ± 0.06 


0.961 ± 0.016 




3.35 


1.93 ±0.02 


34.250 ± 0.010 




6 


20069-04-03-00 


1997 May 1 19:56:43 


50569.83106 


16.3 ±0.7 


0.3145 ± 0.0015 


N 


5.00 ±0.18 


1320 


6.65 


28.4 


19.3 ±0.8 


7.6 ± 0.9 


0.187 ±0.003 


0.0045 ± 0.0006 


1.74 ±0.05 


0.870 ± 0.019 












7 


20082-01-01-00 


1997 Aug 13 23:05:04 


50673.96185 


11.4 ±0.4 


0.251 ±0.004 


N 


3.5 ± 0.4 


1041 


9.7 


41.0 


22.0 ±0.8 


6.1 ±0.7 


0.287 ±0.004 


0.0069 ± 0.0009 


1.86 ± 0.05 


0.889 ± 0.019 












8 


20082-01-02-00 


1997 Aug 17 15:08:28 


50677.63089 


14.0 ±0.5 


0.347 ±0.011 


N 


5.25 ±0.18 


1142 


10.1 


46.8 


24.8 ± 1.2 


8.4± 1.1 


0.296 ± 0.003 


0.0072 ± 0.0009 


1.77 ±0.05 


0.91 ± 0.02 












9 


20082-01-02-00 


1997 Aug 18 02:05:55 


50678.08744 


12.2 ±0.5 


0.288 ± 0.002 


N 


4.0 ± 0.4 


1149 


8.23 


39.7 


23.6 ± 1.0 


7.0 ±0.9 


0.296 ±0.003 


0.0072 ± 0.0009 


2.08 ± 0.09 


0.92 ± 0.02 












10 


30067-08-01-00 


1998 Mar 13 23:22:25 


50885.97391 


11.3 ±0.3 


0.328 ± 0.005 


N 


4.5 ± 0.4 


1063 


11.0 


45.5 


29.0 ± 1.0 


7.9 ± 1.0 


0.299 ± 0.017 


0.0072 ± 0.0010 


1.82 ± 0.06 


0.910 ±0.019 












11 


30067-09-01-00 


1998 Jun 28 15:14:35 


50992.63513 


14.4 ±0.5 


0.300 ± 0.002 


N 


4.50 ±0.18 


1302 


11.6 


37.1 


20.9 ±0.7 


7.2 ± 0.9 


0.288 ± 0.002 


0.0069 ± 0.0009 


1.71 ±0.05 


0.850 ± 0.017 












12 


30067-09-01-00 


1998 Jun 28 15:28:18 


50992.64466 


11.4 ±0.3 


0.1370 ±0.0014 


N 


2.0 ± 0.4 


984 


5.84 


20.6 


12.0 ±0.4 


3.3 ± 0.4 


0.288 ± 0.002 


0.0069 ± 0.0009 


2.33 ±0.11 


0.93 ± 0.02 




0.229 


1.93 ±0.02 


3.3 




13 


30067-12-01-00 


1998 Dec 10 06:19:08 


51157.26329 


10.1 ±0.4 


0.220 ±0.004 


N 


4.5 ± 0.4 


892 


8.02 


47.8 


21.8 ±0.9 


5.3 ±0.7 


0.277 ±0.004 


0.0067 ± 0.0008 


2.19 ±0.09 


0.94 ± 0.02 












14 


40039-03-04-00 


1999 May 11 22:30:37 


51309.93793 


12.1 ±0.5 


0.1988 ±0.0018 


N 


2.0 ± 0.4 


1129 


6.41 


27.7 


16.4 ± 0.7 


4.8 ±0.6 


0.2973 ± 0.0020 


0.0072 ± 0.0009 


2.14 ±0.12 


0.90 ± 0.03 












15 


40039-04-04-00 


1999 Jul 5 02:53:29 


51364.12049 


0.20 ± 0.03 


0.0056 ± 0.0006 




8.0 ±1.4 


57 


29.2 




29 ±6 


0.14 ±0.02 


0.265 ±0.015 


0.0064 ± 0.0009 


2.85 ±0.19 


1.00 ± 0.03 












16 


40039-04-05-00 


1999 Jul 5 06:38:48 


51364.27694 


6.06 ±0.18 


0.173 ±0.003 


N 


8.0 ± 0.7 


614 


11.6 


46.2 


28.6 ±1.0 


4.2 ±0.5 


0.241 ± 0.005 


0.0058 ± 0.0007 


2.36 ±0.11 


0.97 ± 0.02 




3.76 


1.93 ±0.02 


36.31 ± 0.03 




17 


40039-05-02-00 


1999 Aug 21 14:24:48 


51411.60057 


3.68 ±0.11 


0.0683 ± 0.0011 


N 


6.0 ± 0.7 


405 


7.78 


32.8 


18.6 ±0.6 


1.6 ±0.2 


0.235 ± 0.002 


0.0057 ± 0.0007 


1.94 ±0.06 


0.845 ± 0.019 












18 


40039-06-01-00 


1999 Oct 17 04:10:57 


51468.17428 


0.94 ±0.04 


0.094 ± 0.014 


N 


4.0 ± 1.4 


143 


98 




100 ± 16 


2.3 ± 0.4 


0.238 ± 0.008 


0.0057 ± 0.0007 


2.7±0.8 


0.40 ± 0.09 












19" 


50045-01-04-00 


2000 Mar 29 06:56:31 


51632.28926 


0.61 ±0.04 




N 


2.0 ±1.4 


102 










0.360 ±0.009 


0.0087 ±0.0011 


5±7 


0.1 ±0.3 












20 


50045-03-02-00 


2000 Jul 11 11:47:43 


51736.49148 


5.86 ±0.17 


0.137 ±0.015 


N 


5.5 ± 0.4 


641 


7.70 


31.3 


23 ±3 


3.3 ±0.5 


0.41 ± 0.05 


0.0099 ± 0.0018 


1.85 ± 0.04 


0.938 ± 0.015 












21 


50045-03-05-00 


2000 Jul 12 03:06:22 


51737.12942 


8.2 ±0.3 


0.105 ±0.012 


N 


3.0 ± 0.4 


757 


7.17 




12.8 ± 1.5 


2.5 ± 0.4 


0.44 ± 0.02 


0.0106 ±0.0014 


1.91 ±0.05 


0.899 ± 0.016 












22 


50045-04-03-00 


2000 Aug 29 09:51:41 


51785.41090 


0.15 ± 0.02 


0.0030 ±0.0014 




6.0 ± 1.4 


51 


14.9 




20 ± 10 


0.07 ±0.04 


0.331 ±0.004 


0.0080 ± 0.0010 


2.60 ±0.11 


0.97 ± 0.02 












23 


50045-06-01-00 


2000 Dec 17 20:14:35 


51895.84346 


9.0 ±0.3 


0.20 ± 0.05 




7.0 ± 0.4 


831 


16.6 




23 ± 6 


4.9 ± 1.3 


0.247 ± 0.004 


0.0060 ± 0.0007 


1.92 ± 0.06 


0.947 ± 0.020 












2-1 


50045-06-02-00 


2000 Dec 17 23:53:34 


51895.99553 


1.88 ±0.06 


0.113 ±0.011 




4.0 ± 1.4 


237 


44.1 


77.2 


60 ± 6 


2.7±0.4 


0.204 ± 0.005 


0.0049 ±0.0006 


1.0 ±0.5 


1.2 ± 1.0 




3.65 


1.93 ±0.02 


45.9 ±0.5 




2$ 


50045-06-05-00 


2000 Dec 18 15:11:15 


51896.63282 


0.65 ± 0.04 


0.08 ±0.02 




12.0 ± 1.4 


122 


136 




130 ± 30 


2.0 ±0.6 


0.266 ±0.003 


0.0064 ± 0.0008 


3.0 ± 1.1 


0.51 ±0.11 












26 


60047-03-02-00 


2001 Jul 8 04:24:21 


52098.18359 


2.95 ±0.08 


0.0490 ± 0.0009 


N 


10.0 ± 1.4 


373 


8.48 


18.7 


16.6 ±0.6 


1.18 ±0.15 


0.262 ± 0.006 


0.0063 ± 0.0008 


2.19 ±0.09 


0.89 ± 0.02 












27 


60047-04-04-00 


2001 Aug 31 12:45:43 


52152.53175 




0.193 ± 0.008 


N 


3.5 ± 0.4 


946 


7.91 


38.9 


20.2 ± 1.0 


4.7 ±0.6 


0.302 ±0.003 


0.0073 ±0.0009 


1.45 ± 0.05 


0.74 ±0.03 












28 


60047-05-01-00 


2001 Oct 24 20:17:30 


52206.84550 


2.23 ±0.11 


0.0505 ± 0.0013 


N 


5.0 ± 0.7 


287 


11.1 




22.6 ± 1.3 


1.22 ±0.15 


0.293 ±0.006 


0.0071 ±0.0009 
















29 


60047-05-04-00 


2001 Oct 25 07:54:31 


52207.32954 




0.2046 ± 0.0017 


N 


3.5 ± 0.4 


989 


6.95 


33.2 


20.7 ±0.7 


4.9 ±0.6 


0.244 ± 0.005 


0.0059 ± 0.0007 


2.48 ±0.13 


0.88 ± 0.03 












30 e 


60047-06-01-00 


2001 Dec 15 19:03:59 


52258.79443 


0.30 ±0.06 






> 2.00 


92 










0.223 ± 0.004 


0.0054 ± 0.0007 


2.48 ±0.19 


0.97 ±0.04 












31 


70048-03-03-00 


2002 Apr 20 12:34:20 


52384.52385 


6.4 ± 0.4 


0.127 ±0.002 


N 


6.50 ±0.18 


646 


5.74 


34.6 


20.0 ± 1.3 


3.1 ±0.4 


0.37 ±0.08 


0.009 ± 0.002 


1.2 ±0.6 


1.1 ±0.2 












32 


70048-04-04-00 


2002 May 21 21:38:43 


52415.90190 


4.26 ±0.14 


0.0560 ± 0.0013 


N 


4.0 ± 1.4 


457 


8.24 




13.1 ± 0.5 


1.35 ±0.17 


0.400 ±0.005 


0.0097 ± 0.0012 


2.9 ±0.5 


0.94 ± 0.06 












33 d 


70048-05-02-00 


2002 Jun 29 18:56:15 


52454.78907 


0.19 ±0.04 


0.0028 ± 0.0004 


N 


4.0 ± 1.4 


56 


7.07 




14 ± 3 


0.067 ±0.012 


0.325 ±0.011 


0.0078 ± 0.0010 


1.76 ±0.14 


0.92 ± 0.05 












34 


70048-06-04-00 


2002 Aug 2 02:22:09 


52488.09872 


5.46 ± 0.17 


0.193 ± 0.008 


N 


7.0 ± 0.7 


588 


9.6 


52.3 


35.4 ±1.8 


4.7 ±0.6 


0.29 ± 0.02 


0.0071 ±0.0010 


2.12 ±0.07 


0.94 ± 0.02 












35 


70048-07-01-00 


2002 Aug 31 21:24:03 


52517.89170 


8.9 ±0.5 


0.169 ±0.018 


N 


4.25 ±0.18 


772 


12.0 


25.8 


19 ±2 


4.1 ±0.7 


0.306 ± 0.003 


0.0074 ± 0.0009 


1.9 ± 1.0 


0.9 ± 0.2 












36 


70048-08-02-00 


2002 Oct 10 09:17:12 


52557.38696 


8.9 ±0.2 


0.27 ±0.04 


N 


8.0 ±0.7 


853 


15.5 


33.3 


30 ±5 


6.4 ± 1.3 


0.304 ±0.009 


0.0073 ± 0.0009 
















37 


70048-09-02-00 


2002 Nov 9 16:08:48 


52587.67278 


6.5 ±0.3 


0.1015 ± 0.0012 


N 


5.0 ± 0.7 


715 


9.6 




15.6 ± 0.7 


2.4 ± 0.3 


0.2304 ±0.0008 


0.0056 ± 0.0007 


2.14 ±0.10 


0.90 ±0.03 












38 


60042-03-01-01 


2002 Dec 4 20:17:22 


52612.84540 


8.2 ±0.3 


0.22 ± 0.04 


N 


6.0 ± 0.4 


761 


11.1 


40.5 


27 ±5 


5.3 ± 1.2 


0.28 ± 0.02 


0.0067 ± 0.0010 


4.0 ±0.5 


1.07 ±0.03 












39 


60042-03-01-01 


2002 Dec 5 00:48:22 


52613.03359 


7.6 ±0.3 


0.1050 ± 0.0009 


N 


2.5 ± 0.4 


740 


9.26 




13.7 ±0.6 


2.5 ± 0.3 


0.28 ± 0.02 


0.0067 ± 0.0010 


2.39 ±0.12 


0.90 ± 0.02 












40 


60042-03-02-04 


2002 Dec 6 00:37:28 


52614.02603 


9.1 ±0.3 


0.178 ± 0.014 


N 


6.0 ± 0.7 


914 


4.03 


20.2 


19.5 ± 1.7 


4.3 ±0.6 


0.342 ± 0.006 


0.0082 ± 0.0010 


1.86 ± 0.06 


0.91 ±0.02 












41 


60042-03-02-03 


2002 Dec 7 01:29:09 


52615.06192 


14.8 ± 0.6 


0.1476 ± 0.0015 


N 


2.5 ± 0.4 


1341 


6.89 




10.0 ±0.4 


3.6 ± 0.4 


0.286 ± 0.004 


0.0069 ± 0.0009 


3.3 ±0.3 


1.03 ±0.03 












42 


60042-03-02-02 


2002 Dec 7 22:14:13 


52615.92655 


9.0 ±0.3 


0.21 ±0.03 


N 


3.0 ± 0.7 


882 


7.24 


29.8 


23 ±3 


5.0 ± 0.9 


0.272 ± 0.007 


0.0066 ± 0.0008 


1.74 ±0.06 


0.84 ± 0.02 












43 


60042-03-02-01 


2002 Dec 9 01:21:34 


52617.05664 


7.4 ± 0.3 


0.20 ± 0.04 


N 


5.5 ± 0.4 


684 


11.6 


40.9 


27 ±6 


4.8 ± 1.1 


0.258 ±0.011 


0.0062 ± 0.0008 


2.17 ±0.15 


0.89 ± 0.04 












44 


70048-10-01-00 


2002 Dec 12 15:35:50 


52620.64988 


7.5 ±0.3 


0.20 ± 0.03 


N 


6.0 ± 0.7 


765 


10.6 


29.4 


26 ±4 


4.8 ± 0.9 


0.206 ±0.010 


0.0050 ± 0.0007 
















45 


70047-01-01-11 


2003 Feb 15 05:27:01 


52685.22711 


3.04 ±0.08 


0.0671 ±0.0010 


N 


4.0 ± 1.4 


386 


14.9 




22.0 ±0.7 


1.62 ±0.20 


0.355 ± 0.007 


0.0086 ±0.0011 


1.64 ±0.08 


0.85 ± 0.03 













References. — 1. Kuulkers et al. (2003); 2. Chelovekov et al. (2005); 3. Jonker et al. (2001); 4. Bhattacharyya (2007); 5. Barnard et al. (2001); 6. Strolimayer et al. (1998b); 7. Miller (1999); 8. Miller (2000); 9. Giles et al. (2002); 10. Muno et al. (2002); 11. Galloway et al. (2006); 12. Bhattacharyya & Strohmayer (2006a); 
13. Jonker et al. (2004); 14. Wijnands et al. (2001); 15. Wijnands et al. (2002); 16. Markwardt et al. (1999); 17. Ford et al. (1998); 18. Agrawal et al. (2001); 19. Molkov et al. (2000); 20. Franco (2001); 21. van Straaten et al. (2001); 22. Galloway et al. (2003); 23. Strohmayer et al. (1997b); 24. Strohmayer et al. (1998a); 25. 
Strohmayer et al. (1996); 26. Fox et al. (2001); 27. Guerriero et al. (1999); 28. Muno et al. (2000); 29. Strohmayer et al. (1997a); 30. Kuulkers & van der Klis (2000); 31. Jonker et al. (2000); 32. Galloway et al. (2004a); 33. Kaaret et al. (2002); 34. in : t Zand et al. (2003a); 35. in 't Zand et al. (2003b); 36. Galloway & Cumming 
(2006); 37. Chakrabarty et al. (2003); 38. Bhattacharyya & Strohmayer (2006b); 39. Bhattacharyya & Strohmayer (2007); 40. Strohmayer et al. (2003); 41. Watts et al. (2005); 42. Kuulkers et al. (2002); 43. in 't Zand et al. (2004); 44. Galloway et al. (2004b); 45. Kong et al. (2000); 46. Zhang et al. (1998); 47. Galloway et al. 
(2001); 48. Tomsick et al. (1999); 49. Smale (2001); 50. Smale (1998); 51. Titarchuk & Sbaposhnikov (2002); 

Note. — The complete version of this table is in the electronic edition of the Journal. The printed edition contains only a sample. 
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Fig. 8. — 1-d averaged ASM light curves of selected sources for which X-ray bursts have been observed by RXTE (see Table [3). The 
times of the PCA observations are shown by the vertical lines at the top of each plot, while the burst times are shown by the open triangles. 
The error bars show the la uncertainties on each measurement; we exclude measurements where the significance of the detection is < 3a. 
All pages of this figure can be found in the on-line version of the paper; this version contains only the first. 
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FlG. 9. — Time- resolved spectral parameters for bursts listed in Table 5. The histogram in each panel shows the (bolomctric) burst flux 
(left-hand y-axis) in units of 10 -9 erg cm -2 s _1 , with error bars indicating the la uncertainties. The grey ribbon shows the la limits of the 
blackbody radius (outer right-hand y-axis) in km/rfiokpc- The diamonds show the la error region for the blackbody temperature (inner 
right-hand y-axis) in keV. All pages of this figure can be found in the on-line version of the paper; this version contains only the first. 
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Fig. 10. — Top panel Distribution of (normalized) peak burst 
flux Fp^/i^Edd f° r radius-expansion (dark gray) and non-radius ex- 
pansion (light gray) bursts. The distribution of peak fluxes of the 
radius-expansion bursts is broad, with standard deviation 0.14. 
The radius-expansion burst with t he lowest peak flux ~ 0.3-FEdd is 
from 4U 1636—536 (see also i|A.8t . The black histogram shows the 
combined distribution. Bottom panel Distribution of normalized 
fluence Ut, = E^/F^dd f° r both types of bursts. There is signif- 
icant overlap between the two distributions, suggesting that the 
amount of accreted fuel is relatively unimportant in determining 
whether bright bursts exhibit radius expansion or not. Not shown 
are 18 extremely energetic bursts with Ub > 20 s, all exhibiting 
radius-expansion, from 4U 0513-40, 4U 1608-52, 4U 1636-536, 
4U 1724-307, GRS 1741.9-2853 (2), GRS 1747-312, GX 17+2 
(8), XB 1832-330, HETE J1900.1-2455 and 4U 2129+12. 



Fig. 11. — An example of an extremely strong photosphcric 
radius-expansion burst observed from 4U 1724—307 in the globu- 
lar cluster Terzan 2 by RXTE. Top panel Burst luminosity (in units 
of 10 38 ergs -1 ; middle panel blackbody (color) temperature kT^', 
and bottom panel blackbody radius i?bb- ix an d Rbb are calcu- 
lated as suming a distance to the host globular cluster Terzan 2 of 
9.5 kpc (Kuulkcrs et al. 2003). The time at which the flux reaches 
its maximum value is indicated by the open circle. Note the gap in 
the first 10 s of this burst, preceded by an abrupt increase in the ap- 
parent blackbody radius to very large values. This gap was caused 
not by an interruption in the data but because the radius-expansion 
was sufficiently extreme to drive the peak of the spectrum below 
the PCA's energy range. In such cases we expect the luminosity 
is maintained at approximately the Eddington limit, although it is 
no longer observable by RXTE. 



ergetic PRE bursts from the same source. For example, 
the brightest burst from GRS 1741.9-2853, on 1996 July, 
reached a peak flux 25% higher than the next brightest 
PRE burst. The 1996 July burst had U b = 65, com- 
pared to the next highest value of 23. Similarly, the first 
burst observed by RXTE from the millisecond accretion- 
powered pulsar HETE J1900.1-2455 had a peak flux 
20% greater than the second, again with a much higher 
Ub = 55 compared to 15. 

While these two factors played a significant role in 
the overall variation of PRE burst peak fluxes, smaller 
variations were observed from other sources without no- 
tably under- or over-luminous PRE bursts. For exam- 
ple, the peak PRE burst fluxes from 4U 1728-34 were 
normally distributed with a fractional standard devia- 
tion of 10%. In that case quasi-periodic variations on 
a timescale of w 40 d were observed in both the peak 
PRE burst flux, an d the persistent inten sity (measured 
by the RXTE/ ASM; [Gjflojiff et al.ll2003f) . The residual 
variation of -Fpk.PRE for subsets of bursts observed close 
together in time (once the « 40 d trend was subtracted) 
was consistent with the measurement uncertainties, in- 
dicating that the intrinsic variation of the peak PRE 
burst luminosity is actually < 1%. A correlation between 
the PRE burst fluence and the peak flux was attributed 
to reprocessing of the burst flux in the accretion disk. 
The fraction of reprocessed flux may vary from burst to 



burst as a result of varying projected area of the disk, 
through precession of the disk possibly accompanied by 
radiation-induced warping. That the persistent flux from 
4U 1728—34 varies quasi-periodically on a similar time 
scale to -Fpk,PRE is qualitatively consistent with such a 
cause. It is plausible that comparable variations due to 
similar mechanisms may be present in other sources. 

Even assuming that the mean peak flux of PRE bursts 
approaches the characteristic -FecM value for each source, 
it is to be expected that the Eddington luminosities for 
different sources are not precisely the same. Inconsisten- 
cies are perhaps most likely to arise from variations in the 
composition of the photosphere (the hydrogen fraction, 
X, in equation [7]) ; the neutron star masses, as well as 
variations in the typical maximum radius reached dur- 
ing the PRE episodes (which affects the gravitational 
rcdshift, and hence the observed I/Edd) may also con- 
tribute. We can be most confident regarding the pho- 
tospheric composition in the ultracompact sources like 
3A 1820-303 f €A~39|) , where the lack of hydrogen in 
the mass donor rules out any significant abundance in 
the photosphere. However, for the majority of burst- 
ing sources the uncertainty in X is the dominant uncer- 
tainty in (for example) distance determination via PRE 
bursts. One clue as to the composition is provided by the 
PRE bursts from 4U 1636—536, which reach peak fluxe s 
that are bimodally distributed (| Galloway et al.l [2006) . 
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The majority of PRE bursts were distributed normally 
about the mean with standard deviation of 7.6%, but two 
much fainter bursts reached a peak flux a factor of 1.7 
lower than the mean for the remainder. This distribution 
suggests that the brighter bursts reach (approximately) 
LEdd,Hc, while the two faint bursts reach I/Edd.H- This 
observation implies that, although the source is likely 
accreting H-rich material (see £|3.3p . once a sufficiently 
strong burst is triggered, this material is ejected or driven 
to sufficiently large ra dii that it become tran sparent to X- 
ray photons (see also lSugimoto et al.lll984l ). The fainter 
bursts may then arise when the maximum luminosity ex- 
ceeds LEdd,H, but is not sufficient to drive off the outer 
layers. If the behaviour of 4U 1636—536 is typical, then 
bursts reaching £Edd,H are rare, and we can assume with 
reasonable confidence that PRE bursts from sources ac- 
creting mixed H/He fuel reach the Eddington limit for 
essentially pure-He material. 

We estimated the distances to the sources with PRE 
bursts by substituting the i<Edd values into equation 
Since the peak flux was typically reached at the end 
of the PRE episode, when we presume that the pho- 
tosphere had touched down on the NS surface again 
(see e.g. Fig. [2]), we corrected for gravitational red- 
shift at the surface of a canonical neutron star with 
Rns = 10 km and Mns = 1.4 M Q . We also estimated 
the upper limits to the distance for sources without PRE 
bursts, from the maximum peak flux of the non-PRE 
bursts. We made no correction for the apparently super- 
Eddington luminosity of bursts from 4U 2129+12 and 
4U 1724—307, or the apparently sub-Eddington luminos- 
ity of bursts from 4U 1746-37 and GRS 1747-312. We 
did however calculate the distance to 4U 1636—536 in 
Table ITOl in a different manner to the other sources with 
PRE bursts. The listed (-Fpk) is for the high peak flux 
(> 50 x 10 -9 ergcm _2 s _1 ) PRE bursts, and we used 
this value to calculate the distance assuming that those 
bursts reach LEdd,He (fifth column). For the distance es- 
timates in columns 4 and 6, with X = 0.7, we used only 
the two PRE bursts with much lower peak fluxes. The 
two distances are consistent. The distances and limits 
for all burst sources are both listed in Table [TU1 

3.2. Burst duration, time scales and fuel composition 

The characteristic time scale r = E^/Fp^ has long 
served as a measure of the lightcurve shape for bursts ob- 
served with low-sensitivity instruments, and the marked 
differences in the burning rates for H and He fuel sug- 
gests that r should also indicate approximately the fuel 
composition. Here we investigate the variation in r as a 
function of accretion rate, with a view to identifying sys- 
tematic trends in the fuel composition. Using the high 
signal-to-noise data obtained with RXTE, we are also 
able to test this measure against precisely-determined a 
values. For those bursts with sufficient data to resolve 
the lightcurve, we measured additional decay constant (s) 
71, T2 for the single or broken double exponential fits to 
the flux evolution . A second exponential decay seg- 
ment was required for fits of 811 of the 1107 lightcurves 

17 We note that in general r and ri were roughly proportional; 
for the 1092 bursts with both r and n < 50, n = 0.52 + 0.44t 
(rms 2.8 s). Similarly for those bursts with two exponential fits 
and r < 80 s, we found r 2 = 4.0 + 1.21r (rms 8.7 s) 



with sufficient time-resolved flux measurements to fit at 
all. 

As has been observed in earlier burst samples (e.g. 
Ivan Paradiis et al"1ll988aD , the burst timescales vary sig- 
nificantly, and systematically, with accretion rate, mea- 
sured by proxy in the first instance as the rescaled per- 
sistent flux 7 (Fig. rrjl upper panel). We plot only 
bursts from sources with at least one radius-expansion 
burst (and hence a measurement of -FEdd) and where 
the persistent flux measurements are not confused by 
other nearby sources; this subsample is referred to as 
S7 (Table EJ) . The RXTE data extend the range in 7 
over which timescales can be measured, with extremely 
short (t ~ 2 s) bursts from Cyg X-2 and both short and 
very long bursts from GX 17+2 observed at 7 ps 1. The 
long bursts from GX 17+2 are perhaps the most difficult 
to unde rstand in the framew ork of standard burst the- 
ory (e.g. iKuulkers et al"1l2002D . but even the short bursts 
from this source and Cyg X-2 are not predicted by igni- 
tion models at M pa MEdd- At this accretion rate both 
H- and He-burning should be stable, so that t he fuel will 
burn as it is accreted (e.g. lHeger et al.ll200 7b). The long 
(t ps 30) bursts from 4U 1746-37 at 7 w 0.3 are the next 
most signficant outliers from the main sample. These 
bursts were detected during 1998 November when the 
source was in a relatively high state; there are other pe- 
culiarities regarding the energetics and recurrence times 
(see ^A.32[) . We omit 75 bursts from sample S7 in Fig. 
[T2l top panel, because the r or 7 values (or the presence 
or absence of radius expansion) could not be determined. 

As we discuss further in ^3.31 the two main groups of 
outliers circled in the top panel of Fig. [12] arise from 
burst sources (4U 1746-37, GX 17+2 and Cyg X-2) 
whose behaviour deviates significantly from the broader 
population. Excluding the bursts from these sources re- 
veals trends for the remaining bursts which differ for the 
PRE and non-PRE bursts. For the remaining 246 PRE 
bursts (including those with marginal evidence for radius 
expansion; see $2.3$ the time scale r was anticorrelated 
with 7 (Spearman's p = —0.44, significant to 6.9a). For 
the 436 non-PRE bursts from sample 1S7, we found a 
substantially weaker correlation, with p = —0.25, and 
slightly lower significance. The distribution of r-values 
for the non-PRE bursts in the range 7 = 0.03-0.1 was 
particularly broad, with short and long bursts almost 
equally prevalent. The position on the color-color dia- 
gram, Sz, for the subset of sources SSz (Table [7]) for 
which this parameter can be measured (see £|2.ip , pro- 
vides an alternative measure of M which helps to un- 
derstand the variations of r with 7. Here we find in- 
stead a significant anticorrelation between r and Sz for 
the 285 non-PRE bursts (p = -0.77, 13a) but no rela- 
tion for the 163 PRE bursts (Fig. 021 lower panel). We 
omit 50 events due to inadequately measured lightcurves 
and/or Sz values. The long 1998 November bursts from 
4U 1746—37 again fall in a relatively unpopulated region 
of the Sz-t diagram, this time with Sz in the range 2.3- 
2.8. The other bursts with similar r w 30 are all observed 
at much lower values, Sz p 3 1- 

With a few exceptions, the RXTE data confirms the 
previously-observed decrease (on average) of the burst 
timescale r with increasing accretion rate (measured by 
proxy as either 7 or Sz)- However, there are a number 
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Fig. 12. — Burst time scale r = Eb/ Fpk a s a function of normalised persistent flux 7 (top panel) and the position Sz on the color-color 
diagram (bottom panel). Open circles indicate non-radius expansion bursts, while closed circles indicate PRE bursts. Note the markedly 
different distributions for the PRE and non-PRE bursts, as well as the presence of groups of outliers in each panel. In the top panel, the 
bursts at 7 > 0.5 are all from two sources only, Cyg X-2 and GX 17+2. Three bursts from GX 17+2 with r > 200 are shown as limits, and 
labelled by their r- values. In both the top and bottom panels, the circled bursts with r ~ 30 at atypically high ■y/Sz are almost exclusively 
from 4U 1746-37. 



Galloway et al. 



22 

of aspects which must be considered for a complete un- 
derstanding of the data. First, why does the degree of 
anticorrelation of r with accretion rate (by proxy) dif- 
fer for the radius-expansion and non-radius expansion 
bursts? Selection effects may play a role, and in par- 
ticular the lack of correlation between r and Sz for the 
PRE bursts may be partly attributed to the fact that 
almost half (72 of the 163) PRE bursts with Sz values 
are from 4U 1728—34. The burst time scales for this 
source are consistently short (r = 6.3 s on average; see 
£ jA. 16|) . possibly because the accreted fuel is largely he- 
lium (see also ^3 . 3|) . Furthermore, approximately half 
of the 20 PRE bursts with large r-values (including the 
three bursts with the largest values) are from sources 
that do not have measured Sz values (and thus are not 
part of sample SSz)- 

However, there are also systematic effects which bias 
the measured r-values for radius - expans ion bursts. As 
also noted by Ivan Paradijs et all (|1988af ) , regardless of 
how large is the fluence for a PRE burst, F p k cannot 
significantly exceed the Eddington flux for the source, so 
that the r value will be lower than it would have been 
were the peak flux not limited. Furthermore, since for 
the PRE bursts, F pk « F Edd , r « E b /F Edd = U b . Thus, 
the anticorrelation between r and 7 observed for the PRE 
bursts is largely a consequence of an anticorrelation (of 
almost identical degree) between the normalised flucncc 
Ub and 7 (p = —0.46, significant to 7.3c; see also £)3.5p . 
For the PRE bursts, the decay constants t%, for the 
exponential fits to the burst lightcurvc following the peak 
likely serve as a less biased measure of the burst time 
scale, and we find flatter correlations between both n 
and j(p= -0.31, 4.8ct) and r 2 and 7 (p = -0.34, 5.2a) 
for the PRE bursts. 

Second, how do we account for the bimodal r- 
distribution for the non-radius expansion bursts at mod- 
erately high 7 (Fig. [12l top panel)? This bimodal- 
ity is illustrated clearly in Fig. [T3] (top panel), which 
also indicates that the timescale r for bursts observed 
at 7 = 0.03-0.06 is related to position on the color-color 
diagram (lower panel). Bursts with r > 15 s are largely 
detected in observations with Sz ~ 1, while the short 
bursts that are also observed at 7 > 0.03 tend to have 
Sz > 2. Observations with Sz ~ 1 correspond to a 
source in the "island" state (e.g. Fig. 2]), where the 
accretion rate is thought to be substantially below that 
measured when sources are in the "banana" state, with 
Sz > 2. Thus, the bimodal distribution of the Sz values 
indicates a mix of high and low accretion rates, despite 
the narrow range of 7. This "degeneracy" between 7 and 
Sz is illustrated clearly in the plot of Sz as a function 
of 7, averaged over each observation (Fig. [5]). In the 
range 7 = 0.01-0.06, Sz is essentially uncorrected with 
7, and can span almost the full extent of the color-color 
diagram, w 0.5-2.5. Thus, the bimodal distribution of 
r-values for bursts at high 7 likely does not reflect a bi- 
modal distribution of timescales at high accretion rates, 
further supporting the general trend of decreasing burst 
timescale as a function of M. 

With the RXTE sample we are in a position to directly 
compare the measured r and a values. From our sample 
<SAt of burst pairs for which we can precisely measure 
a (see Table [7]) , we found that r and a were strongly 
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Fig. 13. — Relation between r, 7 and Sz for non-radius expansion 
bursts. The r-distribution (upper panel) is noticeably bimodal at 
moderate 7 = 0.03—0.06. The distribution of Sz values for those 
bursts where it can be measured, plotted separately for long and 
short bursts in this 7-range (lower panel), shows that the long 
(t > 15 s) bursts occur when the sources are in the "island" region 
of the color-color diagram (i.e. Sz ~ 1 in Fig. [3J, while the short 
bursts with 7 = 0.03—0.06 largely have Sz ^ 2 and occur when 
the source is in the "banana" branch. This suggests that the long 
bursts tend to occur at substantially lower M than the short bursts, 
despite the comparable 7- values. This effect is a consequence of 
the degeneracy between 7 and Sz (see Fig. |6j. 

anticorrelated. All the bursts with r < 10 have a > 
70 (Fig. [14|) , which indicates H-poor bursts in which 
the H-fraction may have been reduced by steady burning 
between bursts. For those bursts we find a median a — 
136, although we also measured values up to 1600 (for 
Ser X-l). For the bursts with r > 10, we instead found 
a median a — 43. Perhaps most significantly, none of 
the bursts with low a had r < 10; this highlights the 
relatively long time required to burn hydrogen via the 
rp-process. 

When combined with the general trend to shorter 
timescales with increasing accretion rate that we deduced 
from the distributions of r-values, this result argues for 
a decreasing H-fraction in bursts as accretion rate in- 
creases, particularly above 7 > 0.07 and (Sz > 1-8). As 
we shall see in ^ 33.41 and 13 . 51 this trend is difficult to rec- 
oncile with theoretical predictions of burst behaviour as 
a function of accretion rate. 

3.3. Diversity of burst behaviour 

It is well known that the burst behaviour of GX 17+2 
and Cyg X-2 deviate substantially from that of the ma- 
jority of burst sources, and this has also been clear from 
our analysis so far. Here we address the question of 
whether that remaining majority of burst sources also ex- 
hibit significant source-to-source variations in their burst 
recurrence time and energetics as a function of accre- 
tion rate, or instead follow a consistent global behav- 
ior. Previous authors analysing burst samples assem- 
bled from multiple sources have generally concluded that 



Thermonuclear bursts observed by RXTE 



23 



60 



40 - 



CO 

CO 
^_ 

D 

_Q 

Q 
CD 

E 20 

Z5 






T 












00 



200 
a 



300 



400 



Fig. 14. — Distribution of a for bursts from sample SAt (Table 
with t < 10 (solid histogram) and r > 10 (dotted histogram). 
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tailed burst measurements possible with the RXTE sam- 
ple, it is worthwhile revisiting this issue. 

We begin by comparing the two systems with the 
most bursts in the RXTE sample, 4U 1636—536 and 
4U 1728—34. Bursts were observed from both sources 
over a similar range of inferred accretion rate, of about 
an order of magnitude in 7 (in the range 0.01-0.1) and 
over the full extent of the color-color diagrams (see Fig. 
01 Sz = 1.0-2.5). The properties of the bursts from 
4U 1728—34 varied little over these ranges, with con- 
sistently short (t ~ 6 s) bursts that tended to exhibit 
radius-expansion. On the other hand, 4U 1636—536 
showed both short and long bursts (with r up to 30 s), 
with the latter observed preferentially at low accretion 
rates (whether measured by 7 or Sz)- For 4U 1728—34 
the burst rate (calculated as described in H2.5P increased 
with 7, as we expect theoretically, although only at the 
1.8cr level; but no systematic variation was measured 
with S z (Fig. [ISJ). For 4U 1636-536, on the other hand, 
we found a steep decrease in burst rate with increasing 
7 and Sz, significant to greater than 6a in either case. 
We also found inconsistent behaviour in the measured a- 
values for these two sources as a function of 7/Sz (Fig. 
[T5l lower panels). For 4U 1728—34 we consistently found 
(a) in the range 60-130 (with measurements from burst 
pairs all > 90), and no significant variation as a func- 
tion of 7 or Sz (< 2cr significance in either case). For 
4U 1636—536, (a) increased significantly with both 7 
and Sz, increasing from w 40 to between 600 and 700 
(significance of > 5a in either case). These two sources 
thus exhibit very different patterns of variation in burst 



timescale, rate and energetics, over the same range of 
inferred accretion rate. 

One plausible reason for the difference in burst be- 
haviours between these two sources is a different accreted 
composition. The consistently fast rises and decays, 
and low r- values for bursts from 4U 1728—34 indicate 
a consistently low H-fraction at ignition. In contrast, 
the at-times long bursts (with a « 40) observed from 
4U 1636—536 are characteristic of fuel with a high pro- 
portion of H. While the H-fraction X may be reduced 
by steady burning prior to ignition, so that the value 
inferred from the burst timescale is a lower limit on the 
accreted composition Xq, the absence of long bursts char- 
acteristic of mixed H/He burning at any 7 or Sz value 
in 4U 1728— 34 18 suggests that the H-fraction in the ac- 
creted fuel from that source is significantly lower than in 
4U 1636-536. The burst properties of 4U 1728-34 in 
fact closely res emble those of t he ultracompact system 
3A 1820-303 (jCummindl2003f) . indicating that it may 
also be a He accretor. For 3A 1820—303 the measured 
orbital period of 11.4 min (|Stella et al.l Il98l requires 
that the counterpart be evolved and H-poor; in contrast, 
the orbital period for 4U 1728—34 is unknown. 

With orbital periods known for only about 1/3 of 
bursters in our sample, it is possible that pure He- 
accretors may make up a non-neglible fraction of the 
remaining sources. If H-rich and H-poor accretors in- 
deed exhibit systematically different patterns of burst 
rate and energetics, as is suggested by the comparison 
of 4U 1636-536 and 4U 1728-34, it is clearly important 
to discriminate between these two types of sources when 
combining bursts. In the absence of a measured orbital 
period, the only other guide to the composition of the 
accreted material in the remaining sources is the prop- 
erties of the bursts. Consequently, we have reviewed the 
burst properties of each of the sources contributing to 
our sample, and attempted to classify them phenomcno- 
logically. The sources, ordered by burst behaviour, are 
listed in Table [6j along with pertinent burst parameters. 
Below we briefly describe the salient points of each of 
these classifications. 

Frequent long bursts at very low M — These sources ac- 
crete at 1% Msdd and below, and exhibit weak, fre- 
quent (1-3 hr), long (r f» 25 s) bursts with a ~ 40 
characteristic of mixed H/He fuel. Orbital periods are a 
few hours, where known. These sources also characteris- 
tically show short (At < 30 min) recurrence time bursts 
(see j jgXl]) . 

"Giant" bursts — These sources accrete at similar M to 
the above group, but instead are characterised by ex- 
tremely energetic bursts, likely arising from a thick layer 
of pure He built up over days. All the bursts exhibit 
radius-expansion, and large r-values (from the large flu- 
ence) but fast rise times. Either H/Hc accretors in which 
the accreted H is exhausted via stable burning before 
ignition, or systems accreting from H-poor donors may 
give rise to such bursts. Orbital periods are > 10 hr, 

18 The "long" bursts that have been o bserved at times from 
4U 1728—34 exhibit radius-expansion (e.g IBasinska et al. 1984), 
and are quite distinct from the long bursts which indicate mixed 
H/He fuel (exemplified by bursts from GS 1826—24) which do not 
exhibit radius expansion. 
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Fig. 15. — Burst rates (upper panels) and a-valucs (lower panels) for 4U 1636—536 and 4U 1728—34 plotted as a function of 7 (left-hand 
panels) and (right-hand panels). Bursts arc combined in groups of 25 for binning to calculate the mean rates (4U 1636—536 plotted 
as a solid histogram, and 4U 1728—34 dotted). The symbol at the top-right of each panel shows the typical Icr uncertainty on the value in 
each bin. Also plotted are the instantaneous burst rates (l/t r ec) and a- values for selected pairs of bursts from these two sources (filled/open 
circles). While the "f/Sz range spanned by the two sources is almost identical, the variation of the burst rate and a is distinctly different. 



for the two systems where they are known; in contrast, 
4U 0919—54 is a candidate ultracompact based on its 
optical properties. 

Infrequent short bursts at low M — Also at comparable M 
values as the previous two cases, these sources typically 
exhibit fast rise, moderately energetic radius-expansion 
bursts with characteristic At > 0.5 d and a > 100. 
Sources which exhibit giant bursts commonly also ex- 
hibit weaker bursts in this category. For two cases where 



the orbital periods are known they are > 80 min and thus 
likely accrete mixed H/He, so that steady H-burning is 
required to reduce or exhaust the accreted H prior to 
burst ignition. This may not be the case for 4U 0513—40, 
which is a candidate ultracompact. 

Frequent long bursts at moderate M — Recurrence times 
are in the range 2-6 hr, varying inversely with M, and 
the long rise times w 5 s, t = 20-40, a w 40 (as well as 
detailed model comparisons in the case of GS 1826—24; 
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TABLE 6 

Type-I X-ray burst sources arranged by burst behavior. 



Category 


Source 


At (hr) a 


(t) (s) 


(Uh) 


\ // 


very low M 


EXO 0748-676 


2.1 


24 ± 16 


4±2 


0.0075 ± 0.0018 


frequent long bursts 


4U 1323-62 


1.8 


25 ±6 




(0.23 ±0.02) 




XTE J1710-281 


3.3 


24 ± 16 


3.3 ± 1.6 


0.008 ± 0.003 




2E 1742.9-2929 


1.1 


24 ±8 


4.5 ± 1.8 






XTE J1814-338 


1.7 


30 ±6 




(0.44 ±0.08) 


very low M 


4U 0919-54 




13, 21 


1.5, 13 


0.0033 ± 0.0009 


"giant" bursts 


1724-307 




6.3-44 


4.8-54 


0.027 ± 0.007 




SLX 1735-269 




12.5 ± 0.4 




(0.54 ± 0.11) 




GRS 1741.9—2853 




16 ± 13 


4.0-65 




GRS 1747—312 




5.4-110 


1.2-160 


0.029 ± 0.015 




XB 1832—330 




21.4 ± 0.8 




0.010 ± 0.002 




/ITT 1 on i 1 o 




30.0 ± 1.2 




0.0074 


low M 


4U 0513-40 




11 ±5 


9 ± 6 


0.017 ± 0.011 


infrequent short bursts 


SAX J 1808.4—3658 


21 


13 ± 2 


11 ± 5 


0.011 ± 0.003 




tj t— ."t^ t~ Tinnn 1 Q/i££ 
rlrjlrij J 1900.1 — 2400 




16, 51 


15, 55 


0.00/ ± 0.003 


moderate M 


1M 0836-425 


2.0 


22 ± 4 




(1.3 ± 0.4) 


frequent long bursts 


KS 1731-260 d 


2.5 


23.8 ±0.7 


16.1 ±0.5 


0.05 ±0.03 




GS 1826-24 


3.2 


39 ±4 




(1.6 ±0.2) 


large M range 


4U 1608-52 


3.5 


5.6-29 


0.19-24 


0.0034-0.10 


inhomogeneous bursts 


4U 1636-536 


1.0 


3.2-32 


0.13-22 


0.020-0.15 




MXB 1659-298 


1.8 


3.0-30 


2.4-9.5 


0.025-0.055 




4U 1705-44 


0.91 


4.6-28 


0.84-11 


0.017-0.21 




KS 1731-260 d 


6.4 


4.4-20 


1.6-15 


0.0087-0.13 




Aql X-l 


3.5 


6.0-34 


2.1-17 


0.00011-0.11 


moderate-high M 


4U 1702-429 


4.5 


8.3 ± 1.7 


6±3 


0.020 ±0.005 


consistently short bursts 


XTE J1709-267 




5.8 ±0.5 




(2.8 ±0.3) 




4U 1728-34 


1.8 


6.4 ± 1.2 


5.9 ± 1.9 


0.041 ±0.013 




4U 1735-44 


1.1 


3.7 ±0.8 


3.2 ± 1.2 


0.12 ±0.03 




3A 1820-303 




6.5 ±0.7 


6.5 ±0.7 


0.061 ± 0.009 




Ser X-l 


8.0 


4.8 ±0.6 


4.7 ±0.7 


0.24 ± 0.05 




4U 1916-053 


6.2 


7.1 ± 1.9 


7±2 


0.014 ±0.005 


high M 


GX 17+2 


5.8 


5.3, 90-360 


3.5, 90-370 


1.21 ±0.13 




Cyg X-2 


1.0 


2.9 ± 1.3 


2.7 ± 1.9 


1.05 ±0.19 


anomalous 


EXO 1745-248 


2.9 


23 ± 10 


5.1 ± 1.9 


0.05 ±0.03 




4U 1746-37 


1.0 


18 ± 11 


8±3 


0.15 ±0.10 



Note. — Sources not listed have insufficient bursts to assign them to any of the categories described. 
a A representative burst recurrence time, which we take as the shortest burst interval longer than 0.9 hr (thus excluding the atypical short recurrence 
time bursts). k Values in parentheses refer to flux (in units of 10 — 9 crgcm~ 2 s _1 ) rather than 7, for those sources with no radius-expansion bursts 
and thus no measured value of -FEdd- C Where only one burst was observed, and it exhibited radius expansion, r = U b by definition. 11 For KS 1731-26, 
we separate out the regular bursts from the less regular (and generally shorter) bursts at higher and lower values of 7 



see £|A.40|) indicate He- ignition in mixed H/He fuel where 
the H-fraction is reduced (but not exhausted) by steady 
burning between the bursts. 

Inhomogeneous bursts — These transients routinely span 
a wide range of M during their outbursts. As a result, 
the burst properties are highly variable, at times frequent 
and long, or infrequent and short, depending upon the 
M. Orbital periods are a few hours or longer, where 
known; none of the examples are thought to be ultra- 
compact. 

Consistently short bursts — These sources accrete at M 
levels comparable to the previous group, but consistently 
show short (r < 10) bursts with a > 100 characteristic of 
pure or almost-pure He fuel. In the case of 3A 1820—30 
and 4U 1916—053, this is consistent with their ultracom- 
pact nature, although this explanation manifestly does 
not explain 4U 1735-44 (P orb = 4.65 hr; see also g3JL3]). 

High M — Both these sources accrete at ~ 1 A^Edd, and 
show either very short bursts (in the case of Cyg X-2) 
or a mix of short and extremely long (GX 17+2) bursts. 



These bursts represent a considerable challenge for con- 
ventional burst theory (see als ^3.8.1|l . 

Anomalous bursts — Two relatively prolific bursters ex- 
hibit burst properties that defy explanation via con- 
ventional burst theory. During it's July 2000 out- 
burst, EXO 1745-248 exhibited either frequent, long 
bursts (accompanied by dramatic dipping behaviour), 
or infrequent, short bursts, at roughly comparable M. 
4U 1746—37 exhibits faint, frequent, regular long bursts 
at moderate to high M levels, which are interrupted at 
times by short bursts with evidence for radius expansion 
(see also §3.8.3|) . 

It is not unexpected that the first four categories 
listed in Table [5] can each be identified with one of 
the theoretically-predicted cases of thermonuclear igni- 
tion (see Table [1]). The frequent, long bursts at low- 
M have properties consistent with unstable H-ignition 
(case 3); infrequent short and giant bursts with unsta- 
ble He- ignition in H-poor fuel (case 2); and the frequent 

long bursts at moderate M with unstable He-ignition 
in a mixed H/He environment (case 1). Additionally, 
the "inhomogeneous" burst samples are typically accu- 
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TABLE 7 

Combined burst samples from the RXTE catalog 



Sample 




No. of 


Total 


label a 


Description 13 


bursts 


duration (Ms) 



57 all sources with at least one radius-expansion burst (see Table HOP ; 834 22.9 

4U 0513-40, EXO 0748-676, 4U 0919-54, 4U 1608-52, 4U 1636-536, 

MXB 1659-298, 4U 1702-429, 4U 1705-44, XTE J1710-281, 4U 1724-307, 

4U 1728-34, KS 1731-260, 4U 1735-44, GX 3+1, SAX J1748.9-2021, 

EXO 1745-248, 4U 1746-37, SAX J1750.8-2900, GRS 1747-312, 

SAX J1808. 4-3658, GX 17+2, 3A 1820-303, XB 1832-330, Ser X-l, 

HETE J1900.1-2455, Aql X-l, 4U 1916-053, 4U 2129+12, Cyg X-2 (29) 
SSz all sources with well-defined color-color diagrams (see £12.11 ); 4U 1608—52, 523 10.24 

4U 1636-536, 4U 1702-429, 4U 1705-44, 4U 1728-34, KS 1731-260, 

4U 1746-37, Aql X-l, XTE J2123-058 (9) 
SAt sources with burst interval measurements from closely-spaced burst 209 

pairs; EXO 0748-676, 1M 0836-425, 4U 1254-69, 4U 1323-62, 

4U 1608-52, 4U 1636-536, 4U 1702-429, 4U 1705-44, XTE J1710-281, 

XTE J1723-376, 4U 1728-34, KS 1731-260, 4U 1735-44, XTE J1739-285, 

SAX J1748.9-2021, EXO 1745-248, 4U 1746-37, SAX J1808.4-3658, 

XTE J1814-338, GX 17+2, GS 1826-24, 4U 1916-053, XTE J2123-058 

(23) 

57hc sources in 57 with consistently fast bursts (see Table [6}; 4U 1702-429, 190 4.95 

4U 1728-34, 4U 1735-44, 3A 1820-303, Ser X-l, 4U 1916-053 (6) 
<S7jj sources in S-f excluding sources in <S7h C i "anomalous" bursters 525 14.5 

EXO 1745-248, 4U 1746-37, and high-Af bursters GX 17+2 and Cyg X- 

2 (see Table |6] 19) 

SSz He sources in SSz with consistently fast bursts (see Table [5); 4U 1702-429, 153 2.64 

4U 1728-34 (2) 

SSz H all sources in SSz excluding sources in SSz He and "anomalous" burster 340 7.15 

4U 1746-37 (6) 

5osc all sources with detected burst oscillations (see M3.7|l : 4U 1608—52, 529 12.46 

4U 1636-536, MXB 1659-298, 4U 1702-429, 4U 1728-34, KS 1731-290, 
GRS 1741.9-2853, 1A 1744-361, SAX J1750.8-2900, SAX J1808.4-3658, 
XTE J1814-338, 4U 1916-053 and Aql X-l (13) 



a Throughout this paper wc refer to these combined samples as "Slabel" where label corresponds to the selection criteria, as detailed in column 2; 
sec i|2.5l Wc list the sources and/or the selection criteria for each sample, followed by the total number of sources in parentheses. 



mulated from transients spanning a large range of M, 
and thus likely arise from a mixture of ignition types (al- 
though in each case including at times bursts character- 
istic of mixed H/He fuel). In contrast, the frequent short 
bursts at moderate M (7 = 0.02-0.2) cannot be recon- 
ciled with the theoretically expected ignition conditions 
if H is present in the accreted fuel at approximately solar 
mass fractions X — 0.7. These bursts all exhibit fast rise 
and decay times, despite (at times) insufficiently short re- 
currence times to exhaust the accreted H between bursts 
(unless the accreted H-fraction is sub-solar, or the CNO 
abundance above solar). Similarly, neither the bursts at 
high M nor the two anomalous cases in Table |5] can be 
easily identified with any of the theoretically-predicted 
regimes of bursting. 

In summary, by comparing the two most prolific 
bursters in our sample, we found compelling evidence 
that the burst behaviour as a function of 7 or Sz is 
not the same for all sources. In a broader sense, the 
behaviour of most sources appears consistent with one 
or more of the ignition cases expected theoretically for 
sources accreting mixed H/He. However, there are sev- 
eral notable exceptions, the most numerous of which is a 
significant subgroup of sources which consistently exhibit 
short bursts, some of which are confirmed ultracompact 
systems and thus He-accretors. 

3.4. Burst frequency as a function of accretion rate 

Assuming ideal conditions (accretion over a constant 
fraction of the neutron star surface, complete consump- 



tion of the accreted fuel) and neglecting transitions be- 
tween H- and He-ignition, we expect the burst rate to 
increase monotonically with M . This increase may be 
expected to continue until the temperature in the fuel 
layer reaches the point where He burning is stabilized 
(expected around A^Edd), at which time bursts will es- 
sentially cease. This pattern is expected both for sources 
accreting mixed H/He or pure He, although in the for- 
mer case steady H-burning between bursts contributes 
to higher temperatures in the fuel layer, and thus earlier 
ignition (and more frequent bursts). In order to com- 
pare the theoretical predictions with observations, here 
we construct burst rate curves as a function of accre- 
tion rate (by proxy) for various subsamples of the bursts 
detected by RXTE. 

As a consequence of the diversity in burst behaviour 
established for sources contributing to the RXTE sample 
(see §3.3|) . we further restrict the sample of bursters from 
which we draw our bursts to construct global curves of 
burst rate as a function of accretion rate. The presence 
at times of bursts with long timescales r for sources in 
the first five categories listed in Table [6] leads us to con- 
clude that these sources accrete mixed H/He, and thus 
can be expected to follow broadly consistent patterns 
of ignition as a function of accretion rate. We also in- 
clude in this sample, which we refer to as 1S7H (or SSzm, 
when binning on Sz) the bursts from unclassified systems 
(which likely do not contribute sufficient bursts or obser- 
vations to significantly affect the combined sample). Wc 
exclude the sources which exhibit frequent short bursts, 
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bursts at high M, and the two anomalous cases in Table 
El We hypothesize that, like 3A 1820—303, the sources 
which consistently show short bursts likely accrete H- 
poor material, and these systems form a comparison sam- 
ple which we refer to as S'yue (or SSz, He] see Table [7] for 
full descriptions of each of these groups). We further 
exclude from both samples, bursts with very short recur- 
rence times < 1 hr. Such bursts occur episodically (see 
93.8.2p . and do not reflect the "steady" burst behaviour 
we are attempting to measure here. 

The mean burst rate for the remaining sample of 464 
bursts from 19 sources contributing to Sjn increased 
with 7 throughout the range 7 » 0.001-0.03 (Fig. [TH top 
panel). The peak rate of 0.3 hr -1 was reached at a 7 cor- 
responding to a source luminosity of 0.5-1 x 10 37 ergs -1 . 
At the lowest accretion rates 7 < 0.01 the mean burst 
rate was between 0.04-0.05 hr -1 . Above 7 = 0.03 the 
mean burst rate decreased steadily, reaching a minimum 
of 0.08 hr -1 in the range 7 = 0.1-0.3. No bursts from 
<!>7h were observed at 7 > 0.3; the only sources burst- 
ing at such high persistent flux levels are GX 17+2 and 
Cyg X-2, which were excluded from this sample. The 
mean burst rate for these two sources was also in the 
range 0.07-0.08 hr" 1 . 

For comparison, the source which most closely matches 
predictions of theoretical burst models for mixed H/He 
ignition is GS 1826—24, also known as the "Clocked 
Burster" due to its consistently regular b ursts (e.g. 
lUbertini et "all 1 19991 ICornelisse et all l2003fc see also 
£IA.40j) . The burst recurrence time measured by RXTE 
between 1997-2002 decreased significantly in response to 
a gradually increasing persistent flux F v (i.e. 7) , propor- 
tional to F- 105±0 02 (jGallowavet al.l l2004bT > . This be- 
haviour is very close to that expected assuming F p oc M 
and unvarying fuel composition, and a subsequent com- 
parison of burst lightcurves with time-dependent model 
predictions confirm an accreted co mposition of roughl y 
solar metallicity and H- fraction X (|Heger et al.l [2007a). 
Without any radius-expansion bursts or a well-defined 
color-color diagram, 7 or Sz values could not be cal- 
culated for GS 1826—24, and thus the bursts detected 
from this source by RXTE were not included in sample 
<!>7h or SSz- Instead, we estimated the equivalent M 
based on a distance of 6 kpc (derived from comparis ons 
to theoretical ignition models Gall oway et al.ll2004b[ ) at 
0.06-0. 10M Edd , which corresponds to 7 = 0.04-0.06 
(taking into account the mean bolomctric correction of 
Cboi = 1.678). The corresponding variation of burst rate 
with 7 observed for GS 1826-24 between 1998-2002 is 
shown as the solid line in Fig. \TE\ (top panel). Surpris- 
ingly, the mean burst rate calculated for sources con- 
tributing to 1S7H reaches a maximum below the 7-range 
in which GS 1826—24 is active, and in that range the 
mean rate is in fact decreasing rather than increasing. 
This discrepancy may be attributed to a systematic error 
in our calculation of 7 for GS 1826—24, relative to the 
sources comprising S^r. On the other hand, the only 
other source exhibiting long, regular bursts similar to 
those of GS 1826-24 in the RXTE sample, KS 1731-26, 
also does so at 7 = 0.05. 

As we have seen with the variation in burst timescales 
( §3.2|> . the degeneracy between 7 and Sz may affect the 
averaged burst rates in the range 7 = 0.01-0.06. The 



bursts which fall in this range arise from observations 
both from the "island" state (with Sz < 1.5) and the 
"banana" state (Sz > 2; see Fig. [5]). The variation 
of burst rate as a function of Sz indicates that these 
two groups of bursts have substantially different intrin- 
sic bursting frequencies (Fig. I16[ lower panel), along 
with their different timescales (Fig. [T3")) . The long burst 
timescales suggest that GS 1826—24 is likely persistently 
in the "island" state, and the discrepancy between the 
properties of those bursts and the broader sample in Fig. 
1161 can be explained if most of the sources contribut- 
ing to S7H in the range 7 = 0.04-0.06 are instead in 
the "banana" state. This is supported by the distribu- 
tion of observation-averaged Sz values (for the sources 
contributing to SSz) with 7 in this range; 83% of the 
observations (79% in terms of exposure) have Sz > 2. 
Further highlighting the different intrinsic burst rates is 
the fact that the number of bursts arising from "island" 
and "banana" state observations with 7 = 0.04-0.06 is 
approximately equal, despite the factor of 4 greater ex- 
posure in the latter spectral state. Thus, it is likely that 
the burst rates in the range 7 = 0.01-0.06 presented here 
are measured from a sample of bursts with larger disper- 
sion in accretion rate than their 7- values would suggest. 
For this reason, apparent variations in the burst rates in 
this 7-range must be viewed with some caution. On the 
other hand, the burst rates at higher 7 > 0.06 and lower 
7 < 0.01 are perhaps likely to be measured from more 
uniform samples, since 7 and Sz are more closely related 
in those ranges (see Fig. [6]). 
The variation of burst rate with 7 for 183 bursts from 

6 sources with consistently short bursts (sample 57h c , 
excluding the short-recurrence time bursts; Table [7|) was 
similar, reaching a comparable maximum rate although 
at a slightly higher 7 = 0.04-0.05 (Figure [H]) . Above 

7 = 0.05, however, the burst rate dropped much more 
rapidly by a factor of « 5. Between 7 = 0.03 and 0.05 the 
burst rate for sample Sjn is decreasing, while for sample 
6>7Hc is increasing. While the variation is only for a few 
bins in these data, we note that this result is also found 
from the data from 4U 1636-536 and 4U 1728-34 alone 
(see Fig. [TBI . 

The recurrence time for closely-spaced burst pairs from 
S At (see Table [7]), interpreted as an instantaneous burst 
rate (as distinct from a steady recurrence time measured 
from a series of regular bursts), are also shown in Fig. 
[TBI Below 7 = 0.01, the rates measured from burst pairs 
were mostly in the range 0.2-0.6 hr -1 , well above the 
mean value; these bursts are all from EXO 0748—676. 
That the mean burst rate underestimates the burst pair 
measurements from EXO 0748—676 may be due to the in- 
clusion in this sample of several pure He-accretors in the 
low-M "giant" burst class (see §3.3p . These sources are 
likely to exhibit a much lower burst rate in this range, 
since H-ignition is not possible. For most of the burst 
pair measurements, the recurrence times for the sources 
in 1S7H are systematically shorter than for the sources 
in iS7H e at comparable 7-values. This is consistent with 
the expected effects of steady H-burning to boost the 
burst rates. Between 7 = 0.01 and 0.03 the rates mea- 
sured from burst pairs roughly follow the mean values, 
although above 7 = 0.03 there are also measurements 
substantially in excess of the mean. Sources with fre- 
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Fig. 16. — Burst rates measured by RXTE as a function of normalized persistent flux 7 (upper panel) and color-color coordinate Sz 
(lower panel). We plot separately the mean rates for the sources with evidence of H-rich fuel (Table |6) samples S^h/SSz^h in Table 
solid histogram) and the sources with consistently short bursts (samples S7Hc/<S£'z,Hei dotted histogram). Bursts were combined in 
groups of « 50 to calculate the ensemble average within each bin; a representative error bar indicating the lcr uncertainty is shown at 
the top-left of each panel. Burst rates (l/t Tec ) for pairs of bursts are also shown (filled/open circles, for H-rich or H-poor accretors, 
respectively). Individual measureme nts for notable sources a re indicated; we also show the approximate 7-burst rate relationship derived 
for GS 1826—24 (thick solid line) by Gal loway et al.l 1120041/ ). For both samples, the ensemble-averaged burst rate increased with 7 and 
reached a maximum in the range 7 ~ 0.02—0.05 (equivalent to fs 10 37 ergs -1 ). The H-accretors appear to reach a peak burst rate at lower 
7 than the He-accretors. The behavior as a function of Sz was less consistent. 
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quent (> 0.5 hr 1 ) bursts in the range 7 > 0.03 include 
4U 1636-536, 4U 1705-44, and SAX J1748. 9-2021; in 
addition, bursts from EXO 1745-248 and 4U 1746-37 
(which are omitted from Fig. [T6|) also fall in this region 
of the plot. 

We note that there are selection biases in SAt to- 
wards regular bursts with short recurrence times, and 
in particular it is difficult to unambiguously mea- 
sure burst intervals > 10 hr from RXTE observations 
(SAX J1808.4-3658 is a notable exception; see COB"]) . 
As a result, the locus of measurements from burst pairs 
cannot be considered representative. Nevertheless, the 
extent to which the instantaneous burst rates can devi- 
ate from the ensemble-averaged value clearly indicates 
that the statistical errors on the binned measurements 
significantly underestimate the true extent of variation. 

We also show the burst rate as a function of Sz for the 
sources for which it was possible to parametrize the color- 
color diagram, and excluding the anomalous sources and 
short-recurrence time bursts, in Fig. \W\ (lower panel). 
As with sample 57, we divided the bursts from sample 
SSz based on evidence for mixed H/He bursts (5 sources 
totalling 259 bursts, sample SSz,w), or lack thereof (2 
sources, with 131 bursts, sample SSz,Ue] see Table [7]). 
The burst rate for sample SSz.h reached a maximum of 
« 0.4 hr -1 around Sz = 1.2, and subsequently decreased 
steadily as Sz increased further to around 0.04 hr -1 . In 
contrast, the bursts from sample SSz,n c exhibited no 
steady trend over the range in Sz in which they were 
observed. As with the mean rates as a function of 7, 
the rates measured from burst pairs as a function of Sz 
correspond only loosely to the mean values. We found 
variations of up to an order of magnitude compared to 
the mean rates over all sources. The rates largely reflect 
the behavior of 4U 1636-536 and 4U 1728-34, which 
make up the dominant fraction within each sample (Fig. 

nai. 

It is important to keep in mind that the bursts con- 
tributing to the mean rates in the lower panel of Fig 
[16] are a subset of those contributing to the upper panel, 
since the Sz values could only be determined for a limited 
number of sources (see $2.1]i . There are systematic biases 
which could be introduced by comparing samples from 
different groups of bursts, particularly if one or a few 
sources dominate the samples. However, when binned 
instead as a function of 7, samples SSz,n and SSz.Hc 
exhibited the same variations as found for samples 1S7H 
and S7H0, used for the top panel of Fig. [16] Thus, the 
two samples have comparable variation in burst rate as 
a function of 7. 

3.5. Burst energetics and the role of steady burning 

The burst rate is perhaps the most straightforward 
quantity relating to thermonuclear burning to measure, 
but the possibility of systematic variations in the burst 
properties as a function of M means that the rate alone 
does not uniquely identify the nature of ignition or the 
composition of the burst fuel. We have previously seen 
how the rescaled fluence, Ub, of PRE bursts is anticor- 
related with M (using 7 as a proxy), leading to an an- 
ticorrelation between the burst timescale r and 7 (sec. 
£|3.2[) . This anticorrclation indicates unambiguously that, 
at least for the PRE bursts, the amount of fuel at igni- 



tion becomes systematically less at higher M . Since at 
higher M we expect hotter temperatures in the fuel layer 
and hence earlier ignition, this effect is qualitatively con- 
sistent with theory. This trend should be independent 
of whether or not the burst exhibited radius-expansion; 
however, we find no systematic correlation for the non- 
PRE bursts in S-f between Ub and 7. 

This discrepancy between theoretical expectations 
and our observations mainly arises from the already- 
established diversity of our burst sample. Burst sources 
accreting mixed H/He may ignite via unstable H- or He- 
burning, while He-accretors may only ignite via He burn- 
ing. For sample <S7h c , comprising bursts from sources 
with consistently short bursts (which we infer primarily 
accrete He; Table [6]), we find that Ub is significantly an- 
ticorrelated with 7 both for PRE and non-PRE bursts. 
However, for sample <Sth, which includes bursts from 
sources which we infer are accreting mixed H/He, we 
find a significant anticorrclation of Ub with 7 (as be- 
fore) for the PRE bursts, but a significant correlation 
instead for the non-PRE bursts. That is, for the non- 
PRE bursts from the sources which we infer are accret- 
ing mixed H/He, the bursts tend to get more intense as 
M increases. This correlation arises due to the presence 
at low 7 of bursts arising from H-ignition. Such events, 
typified by the bursts from EXO 0748-676 (see J/OJ), 
tend to be much more frequent and less energetic than 
bursts at higher 7 values. As M increases through the 
range where ignition transitions from H- to He-burning 
(case 3 to case 2), the burst recurrence time increases 
dramatically, so that the amount of fuel accumulated 
also increases, leading to much more energetic bursts. 
This transition, we suggest, is the dominant effect lead- 
ing to the correlation between Ub and 7 uniquely for the 
non-PRE bursts from H-rich accretors. It is still pos- 
sible that within each of the two ignition regimes, the 
theoretically-expected anticorrelation between Ub and 7 
may be measured. However, the much smaller ranges 
of 7 spanned by each bursting regime, coupled with the 
difficulty discriminating between the two types of bursts 
(and the scatter on the measured Ub values at any 7 
value) likely make such measurements unfeasible. 

Neither the burst rates, nor the burst fluences, allow us 
to unambiguously determine the energetics of the bursts. 
For this reason, we here study the variation in the ratio of 
burst to persistent fluence, a, calculated for burst pairs 
and as a mean (a) for the combined samples (see W2.b\i . 
The binned (a) for S"fn reached a minimum of w 50 be- 
tween 7 = 0.02-0.03, where the burst rate also reached 
a maximum (Fig. 1171 upper panel). Below this 7 range 
(a) varied between 80 and 250, while above 7 ss 0.05 in- 
creased steadily up to ~ 400. For the sources with consis- 
tently short bursts (sample <S7h c ), (a) exhibited rather 
different behaviour, ss 100 below 7 = 0.05 and increas- 
ing by more than an order of magnitude abruptly above. 
This step coincides with an abrupt drop in the burst rate 
(Fig. [11]). As with the burst rates, the a measurements 
from burst pairs differed from the binned values by al- 
most an order of magnitude. There was no discernable 
trend in the a- values as a function of 7, although the val- 
ues for the members of 57He were systematically larger 
in the mean than those of members of £>7h- While (a) 
agreed well with the a-measurements from burst pairs for 
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Fig. 17. — Measured a-values for bursters observed by RXTE as a fun ction of normalized persistent flux 7 (upper panel) and color-color 
coordinate Sz (lower panel), from the same burst samples as in Fig. 1161 The mean (a) for bursts from sample 1S7H and <5>7H e are plotted 
separately as histograms (solid line, dotted line, respectively); measurements from burst pairs are also shown (filled, open circles). Bursts 
were combined in groups of rs 50 for binning; a representative error bar for the (a) values is shown at the top-left. M easurements for 
notable sources are indicated; we also show the approximate trend of a with 7 derived for GS 1826—24 (thick solid line) by Galloway ct al. 
<2004bD . For sample S-fn, he mean (a) reaches a minium roughly where the burst rate reaches its maximum, around 7 t& 0.03 or Sz ~ 1, 
decreasing above and below. For sample <S7H e , (<*) increases by more than an order of magnitude at 7 = 0.05, but exhibits little variation 
elsewhere, or with Sz- 
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SAX J1808.4-3658 at 7 = 0.01, (a) was significantly in 
excess of the measured values for EXO 0748—676 just 
below. We also show in the upper panel of Fig. [T7] 
the measurements from GS 1826—24, which were found 
to decrease only slightl y as the persistent flux increased 
(|Gallowav et alJ 1200 4b). This decrease was attributed 
to steady H-burning between bursts, which results in a 
slightly higher fuel H-fraction (and hence lower a) as 
the burst interval decreases. The (a)-values calculated 
for sample 1S7H (which does not include GS 1826—24) 
was somewhat in excess of the values for that source. 
The variation of a with Sz for sample <S7h is rather 
more consistent between the mean and the measurements 
from burst pairs (Fig. 1171 lower panel), with a increas- 
ing rather steadily from ~ 30 to ~ 400 as Sz increases 
from 1 to 2.5. Below Sz = 1, ot ~ 100. For the bursts 
from S7He, both the (a) and burst pair a measurements 
varied only slightly, between w 80 and 150. The mean 
(a)-values for GX 17+2 and Cyg X-2 (not shown in Fig. 
[T7|) were in the range 1300-4100. 

It is worthwhile here to revisit the earlier measure- 
ments of a as a fun ction of accretion r a te from a large 
sample of bursts by Ivan Paradijs et all (|1988afj . Those 
authors found a steep increase in a from ~ 10 to ~ 10 3 
as 7 increased from 0.01 to 0.3. The earlier sample 
was assembled from measurements in the literature from 
individual burst sources, including representatives from 
both the S7H and iS7hc samples (Table [7]) . As we have 
seen, these two samples exhibit systematically differ- 
ent burst behavior as a function of accretion rate; sev- 
eral sources in sample S^/n c are established ultracom- 
pact systems, and thus primarily He-accretors, while 
those in S7H exhibit bursts with profiles indicative of 
mixed H/He fuel and thus must also accrete hydrogen. 
In particular, measurements of a ~ 10 for bursts from 
EXO 0748 -676 at 7 » 0.01 solely de termined the low-7 
end of the Ivan Paradijs et all (|1988aj ) correlation. These 
bursts likely arise from H-ignition of mixed H/He fuel 
(i.e. case 1); were 3A 1820—303 (another source con- 
tributing to the correlation) accreting at 7 = 0.01, it is 
not possible that it would exhibit bursts with a ~ 10, 
since 3A 1820—303 likely accretes pure He from a white 
dwarf donor (see flA.39|). Thus, we suggest that the 
Ivan Paradijs et al"1 (|1988af j correlation is not indicative 
of burst behavior for any one source over the range of 
7 spanned by the combined sample. In contrast, assum- 
ing our subsamples S"/n and <S7He contain sources with 
similar accreted composition (as the similarity in burst 
behavior suggests) , the corresponding variation of burst 
rate and a should go closer to reflecting realistic behavior 
for any of the sources in each sample. 

The variation of (a) as a function of 7 differs for the 
two samples S"fn and <S7h c , to a greater extent than 
the burst rates. This result lends additional credence 
to the hypothesis that the sources contributing to S"/n e 
(see Table [7]) exhibit systematically different burst ener- 
getics. That the mean and burst pair a- values for these 
bursts are consistently > 80 supports the hypothesis that 
they are primarily He-accretors, as we inferred from the 
consistently short burst timescales. We note that the 
range of (a) is significantly different when binning on 
7 or Sz, which may be attributed to the small num- 
ber of sources contributing to the latter sample; only 
two sources (4U 1702-429 and 4U 1728-34) with consis- 



tently short bursts have measured Sz values in our sam- 
ple (see Table [7] in contrast, Sjn c includes 190 bursts 
from 6 sources). Perhaps the most remarkable feature 
of the (a) variation in this sample is the significant in- 
crease observed at 7 = 0.05. Even for pure-He fuel, the 
maximum a value expected is 120 (equation [6|), strongly 
suggesting that some of the assumptions that enter into 
the theoretical prediction break down. Values of a ^> 120 
indicate that some process is reducing the energy gener- 
ated from unstable burning. One candidate is the on- 
set of steady He-burning, although 7 ss 0.05 is an ac- 
cretion rate approximately an order-of-magnitude lower 
than where this phenomenon is predicted to commence 
theoretically. 

3.6. Boundaries of theoretical ignition regimes 

Having measured the variation in the properties of 
bursts observed by RXTE as a function of accretion rate 
(by proxy), we here assess how well these measurements 
agree with theoretical predictions. In particular, while 
the transition values of M between the different ignition 
regimes are generally well-reproduced by different numer- 
ical models, there have been few attempts to verify the 
values observationally. 

We consider the bursts from sources contributing to 
sample £>7h (Table [7]) only, since it is these systems 
that we infer accrete the mixed H/He that makes the 
full range of ignition cases possible. Ignition in mixed 
H/He (cases 1 and 3) and pure He (case 2) environments 
are distinguishable by small and large values of a respec- 
tively, since H nuclei contribute much more energy per 
nucleon than He (i.e. Q n uc is larger in equation [6]) . The 
transition to steady H-burning (between case 3 and 2), 
expected around M ~ O.OlAfEdd, should thus result in an 
increase in a, as well as a drop in burst rate. Examina- 
tion of Figs. [TBI and flTl indicate that these expectations 
are largely unmet. The burst rate for sample 1S7H in- 
creases steadily from 7 w 0.001-0.03 (Fig. [T5|), with no 
evidence for a decrease. We do measure an increase in the 
binned a values between the two bins spanning 7 = 0.01, 
but the increase is only weakly significant. Furthermore, 
the lower value is still w 100, which is too large for H-rich 
fuel. 

Given the systematic uncertainties affecting 7, it is 
possible that the transtion may take place somewhat 
above or below 7 = 0.01. Indeed, the burst rate begins 
to decrease above 7 = 0.03, corresponding to 0.5-1 x 
10 37 ergs -1 (based on our uncertainties in the true value 
of the Eddington limit; equation [7]) . This decrease has 
also been observed in the behavio ur of individual source s 
observed with BeppoSAX/WFC (jCornelisse et al.ll2003| ). 
and was attributed by those authors to the onset of sta- 
ble H burning (i.e. the tr ansition between case 3 to case 
2 of lFujimoto e t al. 1981). There are several reasons why 
the RXTE data do not support this conclusion. First, 
there is no increase in a measured coincidental with the 
decrease in burst rate. In fact, between 7 w 0.03-0.06 
the averaged a values is constant to within the errors, 
possibly decreasing slightly (Fig. [T7]). Second, at the 
transition between case 3 and case 2 ignition we would 
expect to see only a local decrease in the burst rate, fol- 
lowed by a subsequent increase at even higher accretion 
rates, through the transition from case 2 to case 1. In- 
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stead, the burst rate continues to decrease, up to the 
limit of 7 at which we observe sources contributing to 
<S7h- Third, detailed analysis of bursts from individ- 
ual sources confirm the presence of case 2 or case 1 
bursts at comparable or lower accretion rates. Analy- 
sis of bursts from SAX J1808.4-3658 at 7 w 0.01 indi- 
cates that the burst fuel is largely He, so that the ac- 
creted hydrogen must have been significantly reduced by 
steady burning prior to the bursts (i.e. case 2 ignition; 
iGallowav fe Cummind l2~006f) . Additionally, analysis of 
the bursts from GS 1826—24 which occur in the range 
7 = 0. 04-0.06 confirm that t hese arise from case 1 ig- 
nition (| Galloway et al.l l2004afc see also lin 't Zand et al.l 
|2004cD . suggesting that the transition from case 3 to 

case 2 must take place at lower M (7). 

The position Sz on the color-color diagram (for those 
sources where it can be measured, i.e. members of SSz', 
Table[7]) offers an alternative explanation for the decrease 
in burst rate above 7 = 0.03 which may not be related to 
the nuclear physics. The diversity of the burst timescales 
and Sz values for bursts at 7 > 0.03 discussed in i)3.21 
coupled with the intrinsic variation in burst rates in the 
"island" (S z ~ 1) and "banana" (S z > 2) states (Fig. 
1161 lower panel) indicates that this decrease in burst rate 
is related to the transition between these spectral states. 
That is, above 7 = 0.03, we increasingly (although not 
exclusively) find sources with Sz > 2, where the bursts 
are much less frequent. While there may be a thermonu- 
clear component to this transition, it is not consistent 
with the expected behaviour through the transition be- 
tween cases 3 and 2 (or cases 2 and 1, for that matter). 
As has been suggested earlier, the bursts occuring above 
Sz = 2 may be the "de layed mixed bursts" predicted by 
iNaravan fc Hevll (|2003[ ) to occur at higher accretion rates 
than case 1 bursts (see e.g. Tabled]). The tendency for 
short burst timescales indicates H-poor fuel, which may 
constrain the extent of steady burning prior to ignition 
in this regime. 

It seems more probable that the transition in burst 
behaviour around Sz — 2 is related to the onset (or in- 
crease in the rate) of stable He-burning, even though the 
inferred acc retion rate is much lower th an predicted from 
models (e.g Ivan Paradijs et~aTlll98 8a). Millihertz oscil- 
lation s observed around the transition to the "banana" 
state (|Revnivtsev et af1l2001[ ) m ay arise from margin ally 
stable burning, as sugg ested bv lHeeer et all (|2007bD . If 
fuel is accreted onto some fraction of the neutron star 
at a high enough (local) rate for He-burning to stabi- 
lize, the m onto the remainder may be small enough 
to still permit infrequent bursts, where the accreted H- 
fraction is reduced by stable H-burning. The variation 
in effective gravity between the equator and higher lat- 
itudes, which depends upo n the spin rate, may als o 
contribute to such effects (jCooper fe Naravanl [2007b') . 
A detailed study linking t he predictions of theoretica l 
models for accretion (e.g. Ilnogamov fc Sunvacv 1999) 
with t ime-dependent ignition models (e.g. lWooslev et al.1 
12003 INaravan fc Hevf l2003h may help to establish the 
validity of this hypothesis. 

Another contributing factor to the lack of evidence 
for a transition between case 3 and 2 is the apparent 
scarcity of bursts from H-ignition at low 7. At the low- 
est accretion rates a significant fraction of sources ex- 



hibit infrequent, energetic bursts consistent with largely- 
He fuel (Table [6]). It is difficult to determine whether 
these bursts arise from case 2 ignition following exhaus- 
tion of the accreted hydrogen by steady burning, as in 
the c ase of SA X J18 08.4-3658 ([Galloway fc Cummind 
I2006L see also §A.36|) . or from accretion and ignition of 
intrinsically H-poor material, as might be expected from 
an ultracompact system with an evolved donor. Indeed, 
several of the systems with the lowest accretion rates are 
candidate ultracompacts, based on their X-ray to optical 
luminosity, or other indirect evidence. 

The effect of including these systems in 6>7h (which 
we have done in the absence of evidence precluding them 
accreting hydrogen) will be to reduce the mean burst 
rate at low 7, and correspondingly increase the mean 
a-values. The best candidates for H-ignition bursts in 
this 7-range are the frequent, weak, long-timescale bursts 
from EXO 0748—676 observed in the range 7 = 0.005- 
0.01. Many of these bursts are separated by no more 
than 5 hours, and both the long timescales and the typ- 
ical a « 40 indicate a large fraction of H in the burst 
fuel. While these properties are also shared by case 1 
ignition bursts, exemplified by bursts from GS 1826—24, 
the bursts from EXO 0748—676 are around a factor of 4 
less in tense (on aver age). As suggested by iBoirin et al.l 
(2007), and earlier bv lGottwald et afl (|1986[ ). these prop- 
erties indicate that the long bursts are ignited by unsta- 
ble hydrogen ignition 19 (i.e. case 3), rather than he- 
lium ignition (which likely triggers the PRE bursts from 
this source at higher M; e.g. IWolff et al.ll2005l ). As 
we have seen, the individual rates for burst pairs from 
EXO 0748—676 are in excess of the mean rate (Fig. 
I16j) . and the measured a-values lower than the mean 
(Fig. 117]) . We note that the upper 7-limit for the 
long-timescale, frequent bursts from EXO 0748—676 is 
7 ps 0.01, which coincides with the 7-value at which the 
short, infrequent case 2 bursts from SAX J1808.4— 3658 
are observed (e.g. Fig. [To]) . If the case 3 ignition is in- 
deed giving rise to the bursts from EXO 0748—676, and 
these sources can be taken as representative of the larger 
group which accrete mixed H/He fuel, then this appears 
to confirm the prediction that the case 3 to 2 transition 
takes place close to M/Mead = 0.01. 

While the case 3 to 2 transition may be expected to 
result in a fairly sharp change in burst properties with 
7, the case 2 to 1 likely is more subtle. As the accre- 
tion rate increases, the burst recurrence time is expected 
to steadily decrease so that eventually steady H-burning 
will not be complete, leading to a corresponding steady 
decrease in a. This is roughly as observed. The burst 
rate increases steadily up to 7 — 0.03, while the mean 
a-value decreases (on average) from w 150 at 7 = 0.01 
down to 70 at 7 = 0.05. The bursts from GS 1826-24 
represent the best-studied ex ample of case 1 ignition and 
exhibit a steep (almost 1:1; IGallowav et al.N2004bf) in- 
crease in burst rate with persistent flux (i.e. 7) although 
with only a slight decrease in a. The mean (a) -values for 

19 Bursts arising from H-ignition and occurring as often 
as every few hours are predicted by the two-zone model of 
Cooper & Narayan (2007a), although in this accretion rate range 
the He is expected to accumulate and ignite in an energetic pure-He 
burst every few days. Such intense He-bursts interrupting trains of 
much weaker and more frequent H-bursts have not been observed 
to date. 
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sample S"/n show little variation in the inferred 7-range 
in which the bursts from GS 1826—24 are observed, but 
are systematically higher by a factor of w 1.5 (Fig. [17]) . 
However, as already noted, the mean burst rate above 
7 = 0.03 is already decreasing, likely because the ob- 
servations in this range are a mix of "island" (Sz ~ 1) 
and "banana" (Sz > 2) states, with their correspond- 
ing distinctive bursting behaviours. We conclude that 
the transition from case 2 to case 1 burning occurs be- 
tween 7 = 0.01 and 0.03, but note that the weakness of 
this transition likely makes any further improvement on 
observational constraints unlikely. 

The variations of burst rate and a with Sz are even 
harder to match with theoretical expectations. With 
fewer sources contributing to sample SSz,u (Table [7]) , 
the measured variations in Sz are on a much coarser 
grid of binned values. Similar to the burst rate depen- 
dence on 7, we seen a maximum rate at Sz — 1-1, and 
lower burst rates above and below. However, the data 
permits only one bin at lower values of Sz, so that we 
do not resolve the increase to reach the maximum burst 
rate, and likely masking the transition between case 3 
and case 2. Also at this accretion rate, (a) reaches a 
minimum of « 30, increasing above and below. It seems 
likely that the transition to case 1 ignition must also take 
place near Sz — 1 , since the subsequent decrease in burst 
rate and increase in (a) as Sz increases through Sz = 2 
is the same effect largely contributing to the drop in burst 
rates above 7 = 0.03. As we have discussed above, these 
variations in burst rate likely do not correspond to one of 
the transitions in ignition conditions that are predicted 
by models. 

3.7. Millisecond oscillations 

Millisecond oscillations during thermonuclear bursts 
have been detected to date in 16 sources, including two 
that also show persistent pulsations (SAX J1808.4— 3658 
and XTE J1814-338). The properties of burst os- 
cillations detected in RXTE data have previously 
been described in detail in a number of papers (see 
iStrohmaver fc Bildstenll2006l . for a review). Several key 
questions remain. One of the most puzzling aspects is 
that the burst oscillations are frequently detectable far 
into the decays o f the bursts (jStrohmaver et all Il997at 
iSmith et al.lll997l ). During the burst rise, it is expected 
that the burning will spread to cover the entire surface 
of the neutron star, so that subsequent anisotropy in the 
emission will be small. Nevertheless, oscillations are fre- 
quently detectable as much as 10 s after the burst peak. 
Thus, for the combined sample of bursts observed with 
RXTE, we have examined the detectability of oscilla- 
tions, where in the bursts they occur, and the properties 
of the bursts that produce them. 

We list the numbers of bursts with oscillations 
by source in Table [8j We omitted from our 
search the bursts from EXO 0748—676, in which the 
45 Hz oscillations canno t be d etected in single bursts 
(|Villarreal fc St rohmavcr 2004), and the burst from 
IGR J17191-281 p^arkwardt et all 12001 . for which 
the RXTE data was not available at the time of writ- 
ing. We searched for, but did not detect, oscilla- 
tions near the 377.3 Hz spin frequency in the two 
bursts observed by RXTE from the millisecond pulsar, 
HETE J1900. 1-2455. The persistent pulsations in this 



system were present only in the first two months of the 
outburst, which is unusual (|Gallowav et al.ll2007f h No 
bursts have been detected by RXTE from 4U 0614+09, 
preventing a search fo r the oscillations detect ed in that 
source by Smft/B AT (jStrohmaver et al.ll2008l l 

Excluding the millisecond pulsars (and sources with 
less than five bursts total), between 7 and 75% 
of bursts exhibited oscillations. Two of the mil- 
lisecond pulsars with bursts (SAX J1808.4— 3658 and 
XTE J1814— 314) exhibited oscillations in every burst de- 
tected; oscillations were detected in the only burst from 
1A 1744—361, and three of the four bursts observed from 
SAX J1750.8-2900. Excluding these four, the next most 
frequent burst oscillation source was 4U 1702—429, with 
75% of bursts exhibiting oscillations. 

Also in Table [5] we summarize the number of bursts 
with oscillations detected in each part of the lightcurve: 
rise (R), peak (P) and decay (D; see $2.4$ . For many 
non-PRE bursts, oscillations were detected in all three 
phases, i.e. continuously (last column). In the 4th col- 
umn of Table [5] we list the number of bursts for which we 
detected no oscillations in the 1-s FFTs, but did detect 
oscillations in the 4-s intervals. We found that 55% of the 
oscillations were detected in the rises of bursts, 54% in 
the peaks, 75% in the tails, and 8% only in the 4-s FFTs 
(for which the location could not be determined). Even 
if all the oscillations which were only detected in the 4-s 
FFTs were actually present only during the burst rise 
or peak, the most frequent part of the burst in which 
oscillations were detected remains the burst tail. We 
confirm the tendency for oscillations to be interrupted 
during the burst peak for radius-expansion bursts; of the 
bursts with oscillations detected at the peak, 69% were 
from non-radius expansion bursts. Oscillations in the 
burst rise were also preferentially (65%) found in non- 
radius expansion bursts; only oscillations in the burst 
tails showed no preference for the presence or absence of 
radius expansion, being equally prevalent in each type of 
burst. 

In Table [9] we list the properties of the oscillations for 
individual bursts from each source: where the oscillations 
occurred, the maximum (Leahy-normalized) power, and 
the mean % rms. The bursts in which oscillations were 
detected were unremarkable, compared to the entire sam- 
ple. We found oscillations in long bursts (with r up to 
39.4 s), as well as in short; although the proportion of 
bursts with r > 10 exhibiting oscillations was, at 25%, 
rather lower than the proportion of all bursts (from the 
burst oscillation sources) with r > 10 (43%). Previously 
we saw that bursts with r > 10 are associated with small 
a- values, indicating mixed H/He fuel (see §3.2|) . The dis- 
tribution of burst separations were similar; the shortest 
wait time to a burst with oscillations was 13.6 min; the 
shortest overall for any of the bursts from sources with 
oscillations was between 4.3 < At < 6.4 min (see §3.8.2| . 
The distribution of (normalized) fluences Uj, was also 
similar. Histograms of the amplitudes of the detected 
oscillations are displayed by source in Figure [18] (solid 
lines). The rms amplitudes are typically between 2% 
and 20%, with a median amplitude of about 5%. When 
oscillations were not detected, we report the upper limit 
on the rms amplitude from the first 5 s of the decay in 
Figure [TBI (dotted lines). The median values of the upper 
limits are typically lower than the detected oscillations. 
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Fig. 18. — Histograms of the largest fractional rms amplitudes of detected oscillations (solid lines), and of the upper limits on the rms 
amplitude in the burst decay when oscillations are not detected (dotted line). 



TABLE 8 
Summary of Burst Oscillations 



Source 



i^spin Number 
(Hz) of Bursts 3 



Total 4 s 



Rise 



Number of Oscillations 
R+P Peak P+D 



Decay R+D Cont. 



4U 1916-053 


270 


14(14) 


1 
















1 


with PRE 




12(12) 





















XTE J1814-338 b 


314 


28(28) 


28 


3 








2 




3 


20 


4U 1702-429 


329 


47(47) 


35 


1 


2 


5 


3 


9 


8 


2 


5 


with PRE 




5(5) 





















4U 1728-34 


363 


106(104) 


38 


2 


5 


1 


3 


11 


9 


1 


6 


with PRE 




69(69) 


18 


2 


1 






6 


8 




1 


SAX J1808.4-3658 b 


401 


6(4) 


4 




1 








1 


2 




KS 1731-260 


524 


27(27) 


4 




1 






1 


1 


1 




with PRE 




4(4) 


3 










1 


1 


1 




1A 1744-361 


530 


1(1) 


1 




1 














Aql X-1 


549 


57(55) 


6 






1 


2 


3 








with PRE 




9(9) 


5 








2 


3 








MXB 1659-298 


567 


26(25) 


6 


1 


2 




1 




1 


1 




with PRE 




12(12) 


5 


1 


2 








1 


1 




4U 1636-536 


581 


172(169) 


59 


6 


5 


5 


1 


4 


17 


12 


9 


with PRE 




46(45) 
8(8) 


38 


4 


1 






4 


14 


10 


5 


GRS 1741.9-2853 c 


589 


2 


2 
















with PRE 




6(6) 


2 


2 
















SAX J1750.8-2900 


601 


4(4) 


3 




2 










1 




with PRE 




2(2) 


2 




1 










1 




4U 1608-52 


620 


31(29) 


7 




2 




1 


1 


1 




2 


with PRE 




12(12) 


7 




2 




1 


1 


1 




2 


Total 




527(515) 


194 


15 


21 


12 


11 


31 


38 


23 


43 


PRE 




182(180) 


84 


9 


8 





3 


15 


26 


15 


8 



a The first number is the number of bursts observed from this source, while the number in parentheses is the number of bursts which were searched 
for oscillations. ^ These sources also exhibit persistent pulsations at the listed frequency. Note that for XTE J1814 — 338, only the last burst observed 
exhibited marginal evidence for PRE. C We attributed bursts with oscillations from the Galactic center region to this source; sec £|B.6| 
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Fig. 19. — Illustration of how the detection of oscillations de- 
pends upon accretion rate, for the sources in Figure 4. In each 
panel, the open histogram displays the number of bursts as a func- 
tion of Sz (top panels) or 7 (bottom panels), and the solid his- 
togram indicates the number of those bursts in which oscillations 
were detected. The left panels are for slow rotators (v<400 Hz), 
and the right panel for fast rotators (V>400 Hz). For both slow and 
fast rotators, oscillations are more likely to be detected in bursts 
at large values of Sz- No trend is seen as a function of 7. 



This indicates that the failure to detect oscillations is 
generally a consequence of lower amplitudes, and not a 
result of a lack of sensitivity in the relevant bursts. 

It has previously been noted that the properties of 
the bursts in which strong oscillations are observed 
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claimed, based on the sample of bursts taken through 
2001 March, that oscillations appeared preferentially in 
bursts without radius expansion when the neutron star 
was spinning slowly (<400 Hz), and in bursts with radius 
expansion when the neutron star was spinning rapidly 
(>400 Hz). A re-examination of the trend using data 
taken through 2003 August revealed that the division 
between slow and rapid rotators was not absolute, in 
that oscillations were often observed in bursts both with 
and without radiu s expansion in both classes of source 
(M uno et aO2004j ) . This is also evident in our full sample 
from Table[8j in which only 18% of oscillations appear in 
bursts with radius expansion in slow rotators, whereas 
73% of oscillations in bursts with radius expansion in 
rapid rotators. Therefore, a trend is present, although 
the properties of the bursts are not the only determinant 
of whether or not oscillations occur. 

We point out that the sample of burst sources with 
slow (< 400 Hz) oscillations, i.e. 4U 1916-053, 
XTE J1814-338, 4U 1702-429 and 4U 1728-34 is dom- 
inated by sources for which we consistently observe short 
bursts (see Table [6J. Conversely, none of the burst 
sources with consistently short bursts are included in 
the sample of systems with fast (> 400 Hz) oscillations. 



Fig. 20. — Illustration of how the occurrence of radius expan- 
sion depends upon accretion rate for the sources in Figure 4. In 
each panel, the open histogram displays the number of bursts as 
a function of Sz (top panels) or 7 (bottom panels), and the solid 
histogram indicates the number of those bursts in which radius ex- 
pansion was observed. The left panels are for slow rotators (i^<400 
Hz), and the right panel for fast rotators (^>400 Hz). For slow 
rotators, radius expansion tends to occur in bursts at low Sz- For 
fast rotators, radius expansion occurs at high Sz- No trends are 
observed as a function of 7. 



Thus, the previously identified differences between these 
systems may instead arise from the mechanisms that 
give rise to c onsist ently short bursts (or not). Indeed, 
iMuno et al.l (|2004f ) suggested that the apparent trend 
was actually a consequence of two separate tendencies 
as sources move through the color-color diagram (Sz)'- 
first, that oscillations tend to be observed only at high 
Sz, and second, that as Sz increased, bursts from slow 
rotators (i.e. predominantly sources with consistently 
short bursts) became less likely to exhibit radius expan- 
sion, whereas bursts from rapid rotators (sources with 
evidence for mixed H/He accretion) became more likely 
to exhibit radius expansion. For the six sources with 
well-defined Sz values (Fig. [4j, we display when oscil- 
lations are detected in Figure [19] Of the bursts with 
5 , 2>1.75, 57% exhibited oscillations. However, only 9% 
of bursts with 5z<1.75 exhibited oscillations. In fact, 
87% of the bursts with oscillations had Sz>1.75. Similar 
trends are seen for both slow and fast rotators. We found 
no comparable preference for oscillations to be found in 
bursts at high 7, likely a consequence of the degeneracy 
between this parameter and Sz, as explored earlier (see 

We examine when radius expansion occurs in Fig- 
ure 1201 If we consider all six neutron stars with Sz 
values (regardless of their rotational period), radius ex- 
pansion is found in 41% of bursts with 5z>1.75 and 
35% of bursts with Sz<1.75. However, if we separate 
the sources into slow and fast rotators, we find differ- 
ent behaviors. For slow rotators (i.e. 4U 1702—429 and 
4U 1728—34), radius expansion is found in only 24% of 
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bursts with Sz > 1 ■ 75 , but in 86% of bursts with Sz < 1 • 75 . 
For fast rotators, the opposite trend is evident: radius 
expansion is found in 49% of bursts with 5z>1.75, but 
in only 6% of bursts with Sz < 1.75. The vast majority 
(90%) of radius-expansion bursts occurred in the fast ro- 
tators at Sz>1.75, while for the slow rotators, only 23% 
did. 

The predominance of systems with consistently short 
bursts in the group of slow (< 400 Hz) oscillators sug- 
gests a link between the physics which determines the 
burst properties and which sets the neutron-star rotation 
speed. We consider two possible explanations. As sug- 
gested previously, it is plausible that the slow rotators are 
largely accreting from degenerate companions, so that 
the accreted material is H-deficient. XTE J1814— 338, at 
314 Hz a slow oscillator, is the exception to this rule, 
since it shows consistently long, weak bursts p ossibl y 
arising from H-ignition of mixed H/He fuel (see ^A.37p . 
If this explanation is valid, it would suggest that a dif- 
ference in the evolutionary history of systems with and 
without degenerate companions leads to the difference in 
spin periods. 

The second possibility is that the rotation rate of the 
neutron stars determines how much mixing occurs in the 
layer of accr eted fuel before a burst , and hence the burst 
properties. iPiro &: Bildstenl (|2007h suggested that the 
larger shear between the disk and the neutron star for 
the slow rotators may cause the CNO-rich ashes to be 
mixed into freshly accreted fuel, leading to rapid ex- 
haustion of the accreted H via steady hot-CNO burn- 
ing and hence helium-rich (i.e. consistently fast) bursts. 
Since the group of fast oscillators contains at least one 
ultracompact source (4U 1916—053), this cannot be the 
only mechanism. Additional numerical calculations are 
required to trace the evolution in composition of the 
fuel layer for mixed H/He accretion, in order to estab- 
lish whether this effect should occur, and whether it 
is strong enough to contribute significantly the trends 
above. Observationally, determining the orbital periods 
for the remaining systems with slow spins (4U 1702—429 
and 4U 1728—34) can also help to constrain the accreted 
composition and hence the role of shear-mediated mix- 
ing. 

3.8. Theoretical challenges 

Having attempted a genuinely global study of burst 
behaviour covering all the sources observed by RXTE, 
it is appropriate to summarise here the remaining phe- 
nomenological aspects revealed by our analysis which 
cannot be understood by current burst theories. 

3.8.1. Bursts at high accretion rate 

There are two aspects to the thermonuclear burst 
behaviour observed at high accretion rates (above ~ 
10 37 ergs -1 , or 7 > 0.03) that are contrary to the predic- 
tions of burst theory. First, that the burst rate decreases 
for most sources with increasing M, despite the more 
rapid accumulation of fuel. Previous authors have noted 
that the bursts tend to become shorter a s well as less fre - 
quent as the apparent M increases (e.g. iBildstenl 12000). 
The picture from the RXTE sample is somewhat more 
complex. Within a range of accretion rates (7 = 0.03- 
0.06) there is a mix of frequent (long) and infrequent 



(short) bursts. These bursts largely appear to be dis- 
tinguished by the source's position on the color-color 
diagram at the time they occur; the long bursts occur 
when the sources are still in the "island" state (Sz < 2, 
where it can be measured) while the short bursts occur 
only once the sources transition to the "banana" state 
(Sz > 2). It is appealing to try to resolve the degener- 
acy between the accretion rate parametrisation based on 
7 or Sz, e.g. by referring to our set of derived bolometric 
correction values (cboi! see ty2.1]i . However, we find that 
Cboi is inversely correlated with Sz (for the observations 
where we measure both parameters), so that attempting 
to correct the 7 (which is based on the 2.5-25 keV flux) 
using this parameter will tend to increase the degree of 
overlap between the two samples, rather than separate 
them. 

Second, although bursting behaviour ceases for most 
sources at w 10 38 ergs -1 (7 w 0.3), there are two well- 
known outliers exhibiting at times frequent burst be- 
haviour at much higher M, GX 17+2 and Cyg X-2. The 
range of 7 spanned by both the bursts and observations 
provides some additional details here. No bursts are ob- 
served at all in the range 7 = 0.3-0.7; GX 17+2 and 
Cyg X-2 are the only sources with bursts at 7 > 0.7. The 
gap in observations is smaller, although still present; no 
sources are observed at 7 = 0.3-0.5. We note that there 
is no shortage of s ources accreting at these levels (e.g. 
iGrimm et alJl2002T ). although it is difficult to completely 
rule out selection effects since we only analyse sources 
that are already known as burst sources. 

The bursts that are observed at M/M e dd ~ 7 ~ 1 are 
intriguing in themselves. The RXTE sample provides 
examples of both the very short (down to r = 1 s) bursts 
from both GX 17+2 and Cyg X-2, and the intermediate- 
duration bursts (r = 100-400 s) from GX 17+2 (cf. with 
iTaam et "ail 1 19961 ). It is puzzling why the bursts are so 
diverse at these accretion rates, let alone why they occur 
at all. Furthermore, GX 17+2 also exhibits superbursts 
(|in 't Zand et alj l2004bl ), while as yet no such long or 
intermediate duration bursts have been detected from 
Cyg X-2. 

3.8.2. "Double" bursts 

Thermonuclear bursts with extremely short recurrence 
times ("double" or "prompt" bursts) have long pre- 
sented a challenge to our understanding of burst physics. 
Their recurrence times of > 5 min are too short for 
sufficient fuel to accumulate to allo w ignition by unsta - 
ble thermonuclear burning (see e.g. iLewin et al.l Tl993). 
The "classical" double burst consists of an initial bright 
burst followed by a much fainter secondary, although 
bursts which are more similar in fluence are also ob- 
serve d, as well as group s of three closely-spaced bursts 
(e.g. iBoirin et alj [2007) . We note also that there are 
cases of weak burst-like events preceding otherwise nor- 
mal bursts by only a few seconds, i n 4U 1636—536 (see 
CO]) . 4U 1709-267 (sec €£7121 and [Jonker et al.ll2004h 
and SAX J1808.4-3658 (jBhattacharvva k. Strohmaverl 
l2007f) . It is presently not clear whether these events 
can be attributed to the same processes that give rise 
to burst pairs with separations > 5 min, or if they are 
inst ead more closely related to double-pea ked bursts (see 
e.g. iBhattacharvva fc Strohmaverll2006bl ). 

An important question is whether the fuel for the sec- 
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Fig. 21. — Distribution of observed burst recurrence times At 
below 10 hours. The solid histogram shows the distribution for 
all the bursts observed by RXTE; the dotted histogram shows the 
distribution for those pairs of bu rsts with measured a-values (i.e. 
in sample <SAt; see Table 171 and i|2,5l l. The majority of the latter 
subset of bursts are regular, and so represent conventional burst 
behaviour. Regular bursting with recurrence times < 30 min is 
not observed; pairs of bursts this close in time are only observed 
episodically. 

ond (and possible subsequent) bursts is residual material 
left unburnt by the first, or if it is newly accreted. Studies 
of bursts from EXO 0748—676 indicate that some small 
fraction (w 10%) of the fuel left over from the previ- 
ous burst contributes to the fluence of subsequent bursts 
(jGottwald et al.l[l987t ). perhaps reac hing ignition by mix- 
ing deeper into the NS atm osphere (|Wooslev fc Weaven 
fl98l iFuiimoto et alJll987h . 

Good instrumental sensitivity is required to detect 
the typically much weaker secondary (and sometimes, 
tertiary) events, and the RXTE sample likely contains 
a greater number of multiple events than other large 
burst samples (for example, accumulated by the Bep- 
poSAX/WFC). We plot the small- At end of the burst 
recurrence time distribution in Fig. 1211 The distribution 
exhibits a deficit of bursts with At = 40-100 min; the 
90 min satellite orbit falls within this range, so that this 
deficit is likely a consequence of the regular data gaps 
(the typical duty cycle is ~ 0.65) due to Earth occulta- 
tions of bursters. For At > 100 min it is possible that 
intermediate bursts have been missed in data gaps, so 
that the actual recurrence time is 1/2 or 1/3 the mea- 
sured value. The burst pairs with At < 30 min occur 
within uninterrupted stretches of data, and so we ex- 
tract this subsample for our analysis. These burst pairs 
occurred primarily while the normalised persistent flux 
of the bursting sources were between 7 = 0.02 and 0.04, 
or (where it could be measured; see ij2.1j) Sz = 0.8 and 
1.8. 

Of the 84 pairs of bursts with At < 30 min, we found 12 
cases where short-recurrence time pairs immediately fol- 
lowed each other, i.e. a series of three bursts with recur- 



rence times < 30 min. Sources contributing to this sub- 
set were 4U 1705-44, Rapid Burster (4), 4U 1636-536, 
2E 1742.9-2929 (3), EXO 1745-248 and 4U 1608-52. 
Previously, the only k nown source to exh ibit triple bursts 
was EXO 0748-676 (jBoirin et al.ll2007f ). We also found 
two instances of four bursts following each other, all with 
recurrence times < 30 min, from the Rapid Burster and 
4U 1636-536. 

We show the ratio of fluences for pairs of bursts with 
At < 30 min in Fig. [2H For 10 pairs we could not 
measure the fluence for one of the pairs, because either 
the high time-resolution data did not cover the burst, 
or because the burst was too faint to reliably measure 
the fluence. The pair of bursts with possibly the short- 
est measured recurrence time, from 4U 1608—52 on 2001 
November 21 15:29, fell into the former category; we can 
only limit the separation to 4.3 < At < 6.4 min, since we 
did not observe the start of the second burst due to an 
unexplained data gap. The next shortest recurrence time 
was from a pair of bursts from EXO 0748—676 on 2003 
July 1, at 6.5 min. With examples of three and even four 
bursts following each other in rapid succession, we hy- 
pothesize that many of the short-recurrence time bursts 
from the Rapid Burster may be type-II rather than type- 
I bursts. In few of the short-recurrence time bursts from 
the Rapid Burster are temperature variations present at 
a significance of more than 3cr, so that we cannot confirm 
these bursts as arising from thermonuclear ignition. For 
the remaining sources, less than half of the bursts have 
highly significant (> 5c) temperature variations. How- 
ever, the distribution of burst intervals and fluence ratios 
is not substantially different if only these bursts are con- 
sidered. A significant fraction of the bursts pairs had 
comparable fluences, i.e. -E^i/ii^o ~ 1- The "classical" 
double bursts were observed with fluence ratios of < 0.2, 
and recurrence times of At = 6.5-18 min (Fig. |22|) . 

Double bursts appear to occur primarily (but not 
exclusively) from sources in the H-ignition (i.e. case 
1) regime (the b est example is EXO 0748—676; see 
iBoirin et al.l l2007h . Furthermore, we note only one case 
of a burst with At < 30 min from a source with con- 
sistently short bursts (see Table [6]); this burst is from 
4U 1735-44, with At = 27.4 min. This system inci- 
dentally has a measured orbital period of 4.65 hr (see 
£|A.20|) , and an optical coun terpart remarkably s imilar 
to that of 4U 1636-536 (e.g. lAugusteiin et al.|[l998t) ex- 
tending to the presence of emission lines from hydrogen. 
Thus, it seems that short (< 30 min) recurrence time 
bursts are strongly associated with sources accreting hy- 
drogen. W hile the effects of sedimentation at low accre- 
tion rates (jPeng et all (207)1 may play a role in igniting 
these bursts, it remains to be seen if a more general mech- 
anism can explain the properties of the entire sample. 

3.8.3. Individual sources: 4U 1746-37 and 4U 1735-44 

There are a number of sources whose behaviour re- 
vealed by the RXTE observations is particularly diffi- 
cult to reconcile with current burst theory. 4U 1746 —37, 
the bright bursting source in NGC 6441 (see £lA.32j) . ex- 
hibits long, regular bursts characteristic of mixed H/He 
burning at apparent accretion rates (parametrised by ei- 
ther 7 or Sz', see Sj2J} much higher than other sources 
(Fig. [T2")) . Sequences of regular bursts are occasionally 
interrupted by short, radius-expansion bursts which are 
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Fig. 22. — Ratio of fluences E^ i/E^ q of pairs of bursts plotted 
as a function of their separation At. We plot the values for various 
sources of interest contributing to the sample with different sym- 
bols; the remaining measurements come from XTE J1710— 281 (1), 
4U 1735-44 (1), EXO 1745-248 (2), 4U 1746-37 (5), Aql X-l (6) 
and Cyg X-2 (3) (filled circles). The shortest measured ratio plot- 
ted here was for a pair of bursts from EXO 0748—676 separated 
by just 6.5 min, in which the first was more than 5 times more 
energetic than the one which followed (i.e. fluence ratio of 0.164). 
These "classical" double bursts (i.e. with En < 0.2-E^o) are n °t 
found with recurrence times longer than 20 min. 

"out of phase", but which do not otherwis e interrupt 
the regular bursting (jGallowav et alj l2004al) . The un- 
usually high persistent flux and X-ray colors, as well as 
the burst behaviour, suggest that at times two sources 
may be bursting independently in the cluster; however, 
the lack of spatial information with RXTE makes it im- 
possible to localise the two types of bursts. Additionally, 
the peak flux of the (apparent) radius-expansion bursts 
are significantly below the expected Eddington flux for 
a source at the cluster distance (see ^3. The spec- 
tral variation of these bursts were substantially different 
to the other radius-expansion bursts in the RXTE sam- 
ple, and may require an alternative explanation. On the 
other hand, the atypical spectral evolution could be due 
to geometrical effects common to sources with high sys- 
tem inclination, as inferred from the presence of regular 
X-ray dips attributed to partial eclipses of the neutron 
star by material in the outer disk (e.g. iGalloway et al.l 
HH). 

4U 1735—44 displayed episodic bursting behaviour in 
the RXTE observations with consistently short bursts 
(rise times < 2 s, and mean timescale of r = 3.7 ± 0.8 s ) 
characteristic of very H-poor fuel (see Table [SJ £jA.20() . 
A significant fraction (73%) of these bursts exhibited 
radius-expansion. The other sources identified as consis- 
tently exhibiting short bursts are either known ultracom- 
pacts (3A 1820-30, 4U 1916-053) or do not have a mea- 
sured orbital period (4U 1728-34, 4U 1702-429; Table 
[6]). 4U 1735—44 is thus the only system in the group with 
a measured orbital period longer than 80 min; at 4.65 hr, 
it is the only system for which the companion, V926 Sco, 



may be a main-sequence star and thus likely accretes 
mixed H/He. While the spectral properties of the optical 
counterpart to 4U173 5— 44 bear a remarkabl e similarity 
to 4U 1636-536 (e.g. lAugusteiin et al.|[i~998l ). the burst 
behaviour is markedly different; 4U 1636—536 shows at 
times long bursts, characteristic of H-rich fuel. The in- 
ferred accretion rate of 4U 1735—44 at 0.16-0.5MEdd was 
typically higher than that of 4U 1636—536, so that the 
short bu rsts may arise v ia the transition to short bursts 
noted bv lBildstenl (|2000h to take place at w 10 37 ergs" 1 . 
However, the bursts were instead frequent, with typi- 
cal recurrence times of w 1.5 hr, rather than the longer 
recurrence times usually associated with the burst be- 
haviour transition at high flux. The difference may in- 
stead be related to some physical property of the sources, 
perhaps the spin rate. iPiro &; Bildstenl (|2007f ) studied 
the effect of mixing between the fuel and ash layers in 
He-accretors, and found that these layers will become 
mixed preferentially at high accretion rates and low spin 
frequencies. Low neutron-star spin frequency results in 
a larger shear between the innermost Keplerian-orbiting 
material in the disk and the neutron-star surface, enhanc- 
ing mixing. The ashes are rich in CNO nuclei, which if 
mixed into the fuel layer may allow more rapid exhaus- 
tion of the accreted hydrogen through steady burning, 
perhaps explaining the short time-scales of bursts from 
4U1735-44. While the spin rate in 4U 1636-536 has 
been m easured at 581 Hz via burst os cillations ( ^3.71 
see also IStrohmaver fc Markwardtj 12002) . no such oscil- 
lations or pulsations have been detected in 4U1735— 44. 
The latter source may be a key system for future studies 
of rotation-mediated mixing and its effect on thermonu- 
clear bursts. 

4. SUMMARY 

We have analysed a catalog of 1187 thermonuclear 
(type-I) bursts observed by RXTE from 48 LMXBs. Al- 
though this is not the largest sample of bursts accumu- 
lated by recent satellite missions, the unparalleled PCA 
sensitivity offers the best signal-to-noise for precise mea- 
surements of burst flux, fluence, time-scales, and energet- 
ics. Furthermore, the high timing capability has allowed 
a detailed comparison of the properties of the bursts and 
the burst oscillations, where detected. Below we summa- 
rize the principal results obtained through our study of 
this sample. 

• We found significant variations in the peak flux 
of photospheric radius-expansion bursts from most 
sources with more than one such burst. Most of 
the variation can be attributed to three of the 
four distinct classes of PRE bursts; faint symmetric 
bursts, reaching significantly sub-Eddington lumi- 
nosities (in 4U 1746-37 and GRS 1747-312); rare, 
hydrogen-limited bursts (much weaker than nor- 
mal PRE bursts, which likely reach the He limit) 
in 4U 1636—536; and "giant" bursts reaching fluxes 
in excess of the Eddington limit, typically the most 
energetic bursts from each source. 

• We confirmed the previously-observed tendency for 
the burst duration r (the ratio of the burst fluence 
to pe ak flux) to decrease as accr etion rate increases 
(e.g. Ivan Paradiis et alj [198 8a). However, short- 
duration bursts at high persistent flux levels were 
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largely associated with sources in the "banana" 
spectral state, while long-duration bursts were still 
observed at similar persistent flux levels so long as 
sources remained in the "island" state. As expected 
from time-dependent ignition models, the timescale 
t was strongly anticorrelated with the ratio of in- 
tegrated persistent flux to burst fluence a, and in 
particular all bursts with r < 10 had a > 70 (in- 
dicating He-rich fuel), while the majority of bursts 
with t > 10 had a w 40 (H-rich). 

We found evidence for distinctly different burst be- 
havior as a function of accretion rate for the two 
sources with the largest number of bursts in the 
sample, 4U 1636-536 and 4U 1728-34. The ab- 
sence of long-duration bursts indicative of H-rich 
fuel for 4U 1728-34 (for which the orbital pe- 
riod is presently unknown) suggests that the neu- 
tron star accretes primarily He from an evolved 
donor. 4U 1636—536 on the other hand likely ac- 
cretes mixed H/He at roughly solar fraction, like 
the majority of LMXBs. We identified a number 
of systems with consistently fast bursts, similar to 
4U 1728—34, including two known ultracompact 
systems: 3A 1820-303 and 4U 1916-053, and sev- 
eral candidates. 

We estimated the mean burst rates as a function 
of accretion rate, using our qualitative assessment 
of the burst properties as a guide for combining 
samples of bursts from different sources. We mea- 
sured a peak burst rate of around 0.3 hr _1 at 
M m 0.03M E dd (« 10 37 ergs" 1 ) for the systems 
with evidence for mixed H/He accretion, and ap- 
proximately the same maximum rate but at a fac- 
tor of two larger M for the sources with consis- 
tently fast bursts. The burst rates for both sam- 
ples decreased significantly above this level, more 
steeply for the latter group. The derease in burst 
rate appears largely due to an increasing fraction 
of observations with X-ray colors consistent with 
the "banana" spectral state; this transition does 
not appear to be related to any of the theoretically 
predicted ignition regimes. Above w 0.3AfEdd, only 
bursts from GX 17+2 and Cyg X-2 were detected. 

We also calculated the mean a-values for the 
two samples of bursts as a function of accretion 
rate. We found significantly different behaviour 
for sources which exhibit at times long bursts and 
sources with consistently fast bursts, further evi- 
dence for the different compositions of the accreted 
material in those two classes. Perhaps most re- 
markably, for the systems with consistently fast 
bursts, we found an abrupt increase in the mean 
a of an order of magnitude (from w 100 to > 1000) 
at persistent flux levels corresponding to an accre- 
tion rate of 5%AfEdd- 

We qualitatively compared the observed burst be- 
haviour with that predicted by numerical models, 
and found that the mean behaviour largely did 
not match theoretical expectations. Even so, we 
identified bursts in the sample corresponding to all 
three cases of ignition pre sently understood the - 
oretically, as described by iFuiimoto et al.l (|1981[ ) . 



Case 3 bursts, likely arising from H-igition of mixed 
H/He fuel were observed from EXO 0748-676 in 
a range of accretion rate ~ 0.5-1% MEdd- At 
slightly higher M (« 2-5% MEdd) we found infre- 
quent, short bursts from SAX J1808.4-3658 which 
have been shown to arise from He-ignition in an 
almost pure He enviroment (case 2). These ob- 
servations support the theoretical prediction that 
the boundary between case 3 and 2 occurs around 
1% AfEdd- Earlier analyses of the long bursts from 
GS 1826—24 confirm that these arise from He- 
ignition in a H/Hc environment, where the burst 
interval is insufficient to completely exhaust the ac- 
creted H (case 1). 

• We analysed all the public bursts from the sources 
with burst oscillations and characterised them 
based on the peak rms and where in the burst the 
oscillations are present. The previously noted dif- 
ferences in the type of bursts which exhibit oscilla- 
tions between the "fast" (> 400 Hz) and "slow" (< 
400 Hz) oscillators may be related to the prevalence 
of systems with consistently fast bursts (for which 
we infer H-poor accretion) in the latter group. The 
data suggests a correspondence between the neu- 
tron star spin and the composition of the accreted 
fuel (and hence the evolutionary history). 

• Finally, we identified four key theoretical chal- 
lenges highlighted by the results of our analyses. 
First, the decrease in burst rate above 0.1A/Edd, 
as well as the occurrence of bursts at > MEdd, re- 
main significant puzzles. Second, we examined the 
properties of bursts with very short (< 30 min) 
recurrence times, identifying burst triplets (three 
closely-spaced bursts) from five systems, and in- 
stances of burst quadruplets from two systems. 
Such bursts appear to occur only in those sys- 
tems with evidence for mixed H/He fuel, partic- 
ularly at very low accretion rates. Third, the "out- 
of-phase" bursts in 4U 1746—37, which also ex- 
hibit radius-expansion at sub-Eddington luminosi- 
ties. Fourth, the case of 4U 1735—44, a system 
with a 4.65 hr orbital period (and hence not ul- 
tracompact) as well as an optical spectrum similar 
to that of 4U 1636—536, and yet consistently short 
bursts, similar to known and suspected ultracom- 
pacts including 3A 1820-303. 
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APPENDIX 

A. THERMONUCLEAR (TYPE-I) BURST SOURCES 

In the following sections we discuss the properties of bursts observed from individual sources by RXTE. For each 
source, we list the Galactic coordinates, the first detection of thermonuclear bursts, the system properties (where 
known, including the orbital period and the method of measurement and the presence of burst oscillations), and 
the properties of bursts from previous observations. We describe the type of source (persistent/transient) and the 
persistent flux history throughout RXTEs lifetime. The burst properties include the presence of PRE and/or double 
peaked bursts, the corresponding distance, recurrence times and a-values, whether short recurrence time bursts have 
been found, and the patterns of variation in burst properties with source state (F p , position on the color-color diagram 
etc.). 

A.l. 4U 0513-40 in NGC 1851 

Ther monuclear bursts f rom the persistent source (IClark et al.lll975l) at I = 244?51, b = -35?04 were first detected by 
SAS-3 ([Clark fc Lilll977f ) and also possibly Uhuru flForman fc Joneslll976f ). Chandra observations of the host cluster 
NGC 1851 allowed an optical identification (|Homer et al.ll2001al) : while the orbital period has not been measured, th e 
large Lx/L opt ratio indicates an ultracompact (i.e. P or b < 80 min) system (e.g. Ivan Paradiis fc McClintockl[l99l . 
Additionally, the lack of UV and X-ray modulation at time scales within the e xpected orbital pe riod range (5, 1 hr) 
sugge sts low inclination. Only a handful of bursts has ever been observed fsee lLewin et al.lll993l and [Kuulkcr s et al.l 
2003 for summaries). 

Throughout the RXTE mission 4U 0513—40 has been active at a flux of approximately 1.4 x 10 -10 erg cm -2 s -1 
(2.5-25 keV), reaching as high as 8.5 x 10 -10 e rgcm~ 2 s" 1 during a ~ 50 d transient outburst in 2002. For d — 12.1 kpc 
(the distance to the host cluster, NGC 1851; iKimlkers et al.ll2003t ). this corresponds to an isotropic accretion rate of 
2-12% MEdd (adopting a bolometric correction of Cboi = 1.34). We found seven widely-separated bursts in the public 
RXTE data, the first six with rather consistent properties: peak fluxes of (14 ± 2) x 10 -9 erg cm -2 s _1 , r = 10 ± 2 s in 
the mean and no evidence of PRE. The most recent burst, on 2006 November 4, occurred at ss 60% lower persistent 
flux level than the earlier bursts, and reached a peak flux of (19.8 ± 0.5) x 10~ 9 ergcm _2 s _1 , exhibiting moderate 
radius-expansion. This burst was more intense than the earlier non-PRE bursts, with a 8-s interval during which the 
flux was close to maximum, contributing to a significantly larger r = 22.0 ± 0.6 s. The peak flux implies a source 
distance of 8.2 (11) kpc, depending upon whether the burst reached the Eddington limit for H-rich (X = 0.7 in equation 
[7]) o r pure He (X = 0) ma terial. An earlier PRE burst observed by BeppoSAX reached an essentially identical peak 
flux iKuulkers et all (|2003l ). That the distance calculated from the PRE bursts is closest to the cluster distance of 
12.1 ±0.3 kpc for X = suggests that these bursts reach the Eddington limit in a pure-He atmosphere, LEdd,Hc, rather 
than in mixed H/He. The short r-values for the non-PRE bursts, as well as the short rise times (1.5 ± 0.6 s in the 
mean) are all consistent with ignition of primarily He fuel, as might be expected from a neutron star accreting from 
an evolved (and hence H-poor) donor. 

A.2. EXO 0748-676 

This transient at / = 279?98, b = -19?81 was discovered during EXOSAT observations in 1995 (jParmar et al.lll986h . 
which also reve aled the first thermonu clear bursts from the source. EXO 0748—676 exhibits synchronous X-ray and 
optical eclipses ([Crampton et al.lll986f ) once every 3.82 hr orbit, and also shows X-ray dipping activity. The bursting 
behaviour was studied in detail wit h EXO SAT, which reveal ed that the burst rate was inversely correlated with 
persistent flux (jGottwald et al.lll986l : see also lLewin et al.lll993l ). In addition, the burst properties varied significantly 
with F p ; both F p k and Et increased, and r decreased when F p exceeded 7.5 x 10~ 10 crgcm _2 s _1 (0.1-20 keV). That 
the a-values increased from ~ 10 to ~ 100 confirms that the changes in burst properties resulted from a transition 
from H/He to He-dominated burst fuel as the persistent flux (accretion rate) increases. Bursts with the highest peak 
fluxes (3-4 x 10~ 8 ergcm~ 2 s _1 , 0.1-20 keV) exhibited PRE, leading to an estimated distance of 8.3/ (1 + X) kpc. 

The combined spectra of bursts observed by XMM-Newton exhibited discrete spectral features (|Cottam et al.ll20"0ll 
iBonnet-Bidaud et al.ll2001[). so me of which appeared to be redshifted features from near the neutro n star surface 
(z = 0.35: ICottam et al.ll2002l ). Subsequent followup studies have failed to confirm this result (e.g. ICottam et al.1 
2007). iBoirin et al.l (|2007l ) studied the energetic properties of these same bursts, identifying for the first time several 
examples of burst triplets separated by typically 12 min, in addition to closely spaced burst pairs (which have been 
observed previously; e.g. iGottwald et aT1ll986D . These bursts occurred at an accretion rate of about 1% A^Edd, and 
likely arose from H- ignition in a mixed H/He environment (i.e. case 3 of lFujimoto et al1l!981h . It seems probable that 
the presence of closely-spaced burst pairs and triplets is linked to hydrogen (case 3) ignition; the characteristic wait 
time between the bursts may be associated with a nuclear /3-decay timescale. 

The source was also in a low flux state throughout most of the RXTE observations, at a mean level of 2.7 x 
10~ 10 crgcm _2 s _1 (2.5-25 keV). In 2004 May ongoing monitoring of the source wi th RXTE revealed a radius- 
expansion burst, which reached a peak flux of 5.2 x 10 erg cm" - 2 s^ 1 (| Wolff et al.ll2005D . Two additional PRE bursts 
were detected in subsequent observations in 2005 June and August, and the overall range of peak fluxes (lower due to 
the reduced instrumental effective areas used by lheasoft version 5.3) was (3.8-4.7) x 10~ 8 ergcm~ 2 s -1 . The short 
rise times (2 s) and low t — 9.2 ± 0.9 s suggest ignition in a He-rich environment, so that the distance inferred from 
the peak burst fluxes was 7.4 ± 0.9 kpc. At this distance the accretion rate over the course of the RXTE observations 
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was w 2.2% MEdd (adopting a bolometric correction of 1.93 ± 0.02). We observed 94 bursts in total, most of which 
did not exhibit PRE and had properties typical for the low-state bursts observed previously: separations consistent 
with a recurrence time of 2-5 hr, F p k= (5-15) x 10~ 9 erg cm" 2 s -1 , varying flucnccs typically ~ 0.2 x 10~ 6 ergcm~ 2 , 
and long durations (r ~ 20 s in the mean). We also found five burst pairs with much shorter recurrence times in the 
range 6.5-17 min (see §3.8.2j) . Several bursts occurred partially or wholly within dips. Three bursts (on 1999 Oct 17, 
15:11:15 04:10:57 2000 Dec 17 23:53:34, and 2000 Dec 18) occurred close to, or coincident with, a dip egress, so that 
the measured peak flux was achieved while the source was still obscured. For these bursts the peak flux and fluence 
measurements (and derived parameters including r) are to be treated with caution. 

A.3. 1M 0836-425 

A Galactic-plane ( I = 261?95, b = — 1? 11) transient discovered during OSO-7 observations between 1971-74 
(jMarkert et all fl977l iCominskv et alJ fl978h . 1M 0836-425 was first observed to exh ibit thermonuclear bursts by 
Ginga during an outburst between 1990 November and 1991 February (jAoki et al.lll992h . The typical recurrence time 
for the 28 bursts detected was « 2 hr, but on one occasion was 8 min. No bursts exhibited radius expansion, leading 
to an upper limit on the distance of 10-20 kpc. The optical counterpart has not been id entified, since sever al stars 
down to a limiting i?-band magnitude of ~ 23.5 are present in the 9" ROSAT error circle dBelloni et al.lfl993T l. 

A new outburst was detected by the RXTE/ ASM on 2003 January, lasting until May. A second interval of activity 
commenced around 2003 September, and continued throughout the remainder of 2003-04. Seventeen bursts were 
observed in total, with rather homogeneous prop erties; peak fluxes of (13 ± 3) x 10 -9 erg cm -2 s -1 , fluence (0.27 ± 
0.07) x 10~ 6 erg cm -2 and time-scale r = 22 ± 4. Chclovc kov et al.l (|2005h analysed 15 of these bursts, in addition to 

24 bursts observed by INTEGRAL; their maximum peak flux of 1.5 x 10~ 8 ergcm~ 2 s _1 (3-20 keV) led to a distance 
upper limit of 8 kpc. The maximum estimated bolometric flux from our analysis was 2 x 10 -8 ergon -2 s _1 , which 
leads to a more conservative upper limit (for X = 0) of d < 11 kpc. No kHz oscillations were detected in any of the 
bursts. The peak persistent flux was 1.96 x 10 -9 erg cm -2 s -1 (2.5-25 keV), corresponding to an accretion rate of 
< 33% AfEdd (adopting a bolometric correction of 1.82 ± 0.02). 

Near the end of 2003 January two pairs of bursts were observed, each separated by approximately 2 hr. The other 
bursts in the early part of the outburst occurred at much longer intervals, although consistent with a steady recurrence 
time of ~ 2 hr (but where the intervening bursts were missed due to data gaps) . Assuming the bursts occurred quasi- 
periodically , the inferred recurrence time was 2.20 ± 0.18 hr on average, similar to that in previous observations 
(|Aoki et al.lll992f ). The measured a- values were betwen 40 and 100, although the persistent flux measured from the 
field may be contaminated by emission from the nearby (AO = 0?4) 12.3 s X-ray pulsar GS 0834—340. Thus, the 
derived broad-band flux (and hence a) may be overestimated. Even so, a < 40, the long duration of the bursts, and 
the ~ 2 hr recurrence times (too short to exhaust the accret ed H by steady burning between the bursts, except for an 
extremely low accreted H fraction; e.g. iFujimoto et al.lH98lh all indicate ignition of mixed H/He fuel. 

A.4. 4U 0919-54 

This weak, persistent source at I = 275?85, b = — 3?84 has been observed by all the major early satellites 
( Uhu ru, OSO-7, Ariel- 5, SAS-3, HEAO-1, Einstein). A V = 21 star has been identified as the optical counter- 
part (|Chevalier fc Ilovai skv 1987); although the orbital period is unknown, the system is a candidate u ltracompact 
based on the optical properties, and X-r ay spectroscopic meas urements indicate enhanced abundances (jJuett et al.l 
[2001 Uuett fc Cha krabartv l200a see also lin 't Zand et al. 2005). Observations by RXTE led to the fi rst detection of 
a thermonuclear burst from the source, as well as the discovery of a 1160 Hz QPO (|Jonker et al.ll200lt ). 

Our analysis of the lone PRE burst, detected by RXTE on 2000 May 12 19:50:17 UT (Fig. [9]) leads to a distance 
estimate of 4.0 (5.3) kpc assuming that the burst reaches LEdd.H (-^Edd.He)- We found three other burst candidates, 
the brightest of which (on 2004 June 18 23:38:17 UT) peaked at (5.7 ± 0.2) x 10~ 9 erg cm -2 s" 1 and exhibited no 
evidence for PRE. The other two were sufficiently faint that our spectral analysis results did not allow a test for cooling 
in the burst tail, and thus these three events must remain as merely burst candidates. The 2.5-25 keV PCA flux was 
between 0.7-4.5 x 10~ 10 ergcm~ 2 s -1 , which for d = 5.3 kpc corresponds to an accretion rate of < 1.2% MEdd- 

A.5. 4U 1254- 69 

Thermonuclear X-ray bursts and per iodic dips were discovered in this 3.9 hr binary (I — 303?48, b — — 6?42) 
during EXOSAT observations in 1984 |C ourvoisier et al.| [T986: Mo tch et al.lll987T) . Just two thermonuclear bursts 
were detected, wi th rise times of ~ 1 s; durations of ~ 20 s; p eak fluxes of ~ 1.1 x 10 -8 ergcm~ 2 s" 1 ; and no evidence 
of PRE (see also lLewin et alJl"l993l ). lin 't Zand et al.l (|2003bf ) reported a superburst from this source, as detected by 
BeppoSAX on 1999 January 9. Possible PRE during the type-I burst precursor to the superburst leads to a distance 
estimate of 13 ± 3 kpc. Analysis of RXTE o bservations confirm t hat the system is an atoll source, and provided weak 
evidence for 95 Hz oscillations in one burst (|Bhattacharvvall2007j ) . 

RXTE observations in 1996-7 and 2001 detected the source at a persistent level of 8 x 10~ 10 erg cm -2 s -1 (2.5- 

25 keV), which for d = 13 kpc corresponds to an accretion rate of 12% Msdd (for a bolometric correction of 1.13±0.03). 
Four of the five thermonuclear bursts occurred between 2001 December 6-7 and exhibited rather unusual evolution 
of the blackbody radius. The radius was elevated during the rise and peak of the burst, and was accompanied by a 
decrease in the blackbody temperature, but not to a sufficient degree to be confirmed as PRE bursts (see Fig. 
Typically for these bursts the peak flux (5.6 ± 0.7 x 10 -9 ergem" 2 s -1 in the mean) was reached at or before the peak 
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radius. The bursts were short (mean r = 5.5 ±0.7 s) and weak, with mean Eb = (0.028 ± 0.003) x 10~ 6 ergcm~ 2 . The 
recurrence times were 10.7, 4.04 and 9.16 hr; the observations had sufficient coverage over the final interval to exclude 
an intermediate burst, although a dip (which could potentially have prevented detection of a burst) was observed at 
approximately the halfway mark. The measured a-values were 1260 ± 60, 490 ± 20 and 1070 ± 60. 

A.6. 4U 1323-62 

Bursts with a steady recurre nce time of 5.3 hr were discovered from 4U 1323—62 (I = 307?03, b — +0?46) in 1984 
during EXOSAT observations (|van der Klis et aTlll984h . The bursts were h omogeneous . with rise times of 4.0 ± 0.6 s, 
F pk of (5.2 ±0.9) x 10" 9 erg cm" 2 s" 1 , r = 14±2 s, and no evidence of PRE (jLewin et al .l ll993ft. "Double" bursts, with 
extre mely short (< 10 min) recurrence times, are commonly observ ed from this source ( see e.g.|Balucirisk a-Church et all 
1999). 4U 1323—62 also exhibits 2.93 hr pe riodic intens ity dips ([Parmar et al.lfl989l ). and is associated with a faint 
(K' = 17.05 ± 0.20, J - 20) IR counterpart (ISmaldll995D . 

RXTE observations found 4U 1323-62 at a persistent, steady flux level of (2-2.5) x 10" 10 ergcm~ 2 s^ 1 (2.5-25 keV), 
somewhat higher than the ~ 1.7 x 10~ 10 ergcm~ 2 s _1 of the EXOSAT observations. A total of 30 X-ray bursts were 
found, in observations taken early in 1997, 1999, late 2003 and late 2004. Seven bursts were observed between 1997 
April 25-28, 5 with a regular recurrence time of 2.7 ± 0.3 hr. Two of th ese regular bursts were closely (~ 10 min) 
followed by extremely faint secondary bursts (see also lBarnard et ai1l200lD . Two other examples of double bursts were 
detected by RXTE in 1999 January and 2004 December. Neglecting the bursts with short recurrence times, the burst 
properties were roughly consistent with previous observations: F p k = (3.8 ± 1.5) x 10 -9 ergcm~ 2 s _1 , r = 27± 4 and 
Eb = (0.10 ± 0.02) x 10 -6 ergem -2 . The a-values were 38 ± 4 in the mean, which, combined with the long burst 
duration, strongly suggests mixed H/He fuel in the bursts. Without any radius-expansion bursts, we have only upper 
limits on the distance, of 11 (15) kpc assuming the bursts do not exceed IvEdd,H (iEdd.He)- For a distance of 11 kpc, 
the persistent flux indicates an accretion rate of a few percent of MEdd- At this level, we expect either He-rich bursts 
with long recurrence times resulting from He-ignition (e.g. SAX J180 8.4— 3658, ^A.36|) . or mixed H/He bursts with 
short recurrence times resulting from H ignition (e.g. EXO 0748—676, §A.2|) , The burst properties of 4U 1323—62 (as 
well as the presence of faint secondary bursts), strongly suggests the latter regime. We note that the regular occurence 
of double bursts provides an opportunity to constrain the fuel source for the secondary bursts (see §3.8. 2j) . 

A.7. 4U 1608-52 

Bursts from this Galactic plane (/ = 330?93, b = — 0?85) transient were first detected by the two Vela-5 
satellites dBelian et al.1 119761 ). Uhuru observations confirmed the link between the bursting and persis tent source 
(|Tananbaum et al.lll976f ). and a more precise X-ray positi on obtained with H EAO-1 (jFabbiano et al.lri978[ ) permitted 
identification of the I = 18.2 optical counterpart QX Nor (Grindlav fc Lille"rlll978l ). Variations in the persistent X-ra y 
flux as measured by Vela-5B have suggested an orbital period of either 4.10 or 5.19 d (jLochner fc Roussel-Duprell 19941 ). 
Along with 4U 1728—34, 4 U 1608—52 was one of the fir st sources for which the intensity dips at the burst peak were 
identified as PRE episodes (jFuiimoto fc Gottw ald 1989). Hakucho observations revealed recurrence times as short as 
10 min, as well as t wo separate bursting mo des (in te rms of recurrence time and profile shape) depending upon the 
persistent flux level (|Murakami et al.lll980al |bl: see also lLewin et al.lll993l ). At high F p , the bursts are bright and fast, 
with rise times of ~ 2 s and r w 8 s; at low F p , the rise times exceeded 2 s and the bursts were much longer with 
t = 10-30 s. A superburst h as been identified in RXTE/ ASM data; this source is the first frequent transient in which 
such an event has occurred (jKeek et al.ll2007f ). 

Two large and several smaller outbursts have occurred during RXTEs lifetime; the most recent observed by RXTE 
in 2005 March. The large outbursts both peaked at ~ 2.7 x 10 -8 ergcm^ 2 s _1 (2.5-25 keV), corresponding to an 
accretion rate of 62% MEdd (for a distance of 4.1 kpc, see Table fTOl and a bolometric correction of 1.77 ± 0.04). 
The lowest measured fluxes of « 2.2 x 10~ n erg cm s provide an upper limit for the quiescent accretion rate of 
0.5% MEdd- We found 31 bursts in public RXTE data, of which 12 exhibited PRE. At the lowest F p values, we found 
five PRE bursts with long time scales (r = 16 ± 4 in the mean). In five of the other 6 PRE bursts we detected burst 
oscillations at 619 Hz, making this source the most rapidly spinning neutron-star LMXB known to date (Hartman 
et al. 2008, in preparation). Three bursts exhibited oscillations both before and after the PRE episode, and showed 
increases in frequency with time of up to 6.6 Hz (1.1%) over 8 s. The oscillations during the burst rise had the largest 
amplitudes, up to 13% (rms), while detections during the tails were up to 10% but more typically 3-5%. 

The bursts from 4U 1608—52 were some of the brightest seen in the entire RXTE sample, and peaked between 
1.2-1.5 x 10 -7 ergcm _2 s _1 . As with previous observations, r appeared to decrease significantly with persistent flux, 
although there was substantial scatter. For four pairs of closely-spaced non-PRE bursts with r = 16-22 s we estimated 
the recurrence time at between 4.14-7.5 hr, so that a = 41-54. We observed two instances of extremely short recurrence 
times for bursts from 4U 1608—52. On 1996 March 22 we observed three bursts in quick succession; two brighter bursts 
separated by 24 min, with an extremely faint burst (-Fpk= (1-0 ± 0.2) x 10 -9 erg cm -2 s -1 ) inbetween, just 16 min 
after the first burs t. Such burst triplets h ave on ly been observed from a few other sources, including EXO 0748—676 
(jBoirin et al.ll2007D and 4U 1705-44 (see €A~TT|) . None of the three bursts exhibited PRE. On 2001 November 21 we 
observed two bursts separated by at most 6 min (the start of the second burst fell within a data gap). The persistent 
flux level between these two observations varied by a factor of 2, and suggest an accretion rate of 3-5% MEdd, in 
the range where we expect bursts to ignite via H-ignition. The bursts comprising the burst triplet and pair all had 
long r = 19 ± 7 in the mean, and the second and third burst of the triplet had atypically low fluences of 0.025 and 



Thermonuclear bursts observed by RXTE 



43 



0.27 x 10 6 erg cm 2 . These properties are similar to other short-recurrence time bursts such as those observed from 
EXO 0748-676 (see §EM - 

A.8. 4U 1636-536 

4U 1636 -536 (I = 332?9, b = -4?8 ) is a well-studied LMXB in a 3.8 h orbit with an 18th magnitude blue star, 
V801 Ara (Ivan Paradiis et aI]|1990bD. X -ray bursts w ere first detected from a region containing the previously- 



known persistent source bv OSO-8 (ISwank et al.l fl976ah. and were subsequently studied in great detail with observa 



tions by EXO SAT (seelLewin et al 



1993, for a review). RXTE observations revealed burst oscillations at 579.3 Hz 



(|Strohmaver et a!1ll998bj|a|). as well a s a possible first detection of a harmonic (which has not bee n confirmed i n other 
bur sts from the sourc e; lMiller| ["l999). The properties of the oscillations have been analysed bv iMuno et al.l (120011) 
andlGiles et al. (120021) . Three "superbursts" have also been detected, separated by 2.9 and 1.75 yr (IWiinandsl 20011 



iKuulkers et al.1 



2004).' In one of the superbursts, which was observed with the PCA. iStrohmaver fc Markwardtl ((2002) 



found an sa 800 s interval during which oscillations were consistently detected. 

The persistent flux of the source varied between 4-6 x 10 -9 erg cm -2 s _1 (2.5-25 keV) between 1996-2000, but since 
then it declined steadily, reaching 1.25 x 10~ 9 erg cm~ 2 s _1 during 2004 January. For a distance of 6 kpc (see Table [P0|). 
this corresponds to an accretion rate between 3-16% MEdd- We detected 123 bursts from public RXTE observations, of 
which 40 exhibited PRE. The peak fluxes were bimodally distributed, as in previous observations (e.g. lSugimoto et al.l 
1984), although we found both PRE and non-PRE bursts with F p k falling within the gap noted by those authors. While 
the majority of the 40 PRE bursts had peak fluxes which varied significantly about a mean of 6.4 x 10~ 8 ergcm~ 2 s _1 , 
with a standard deviation of 7.6% (in contrast to earler studies which measured consistent PRE burst peak fluxes; 
Ebisuzaki 1987) we also found two PRE bursts with much smaller peak fluxes of 38 x 10 -9 ergcm~ 2 s _1 . The ratio of 
the mean peak flux of the bright to faint PRE bursts is 1.7, suggesting that the bright bursts reach the Eddington limit 
for pu re He, while the faint bursts reach the limit for mixed H/He at approximately solar composition ([Galloway et al.l 
2006, see also ^3.1[) . At the highest F p range the bursts were fast, with r = 6.4 ± 1.1 s in the mean; at lower F p th e r 
values became both larger and more variable. The burst rate decreased significantly as F p increased (see Fig. [TBI and 
EI3.4p . Typical a- values for bursts with At = 1.2-2.2 hr at low F p were ~ 40, although on occasion were as high as 100 
(for somewhat longer At — 2.4 hr); however, at the highest flux range we measured a = 500 for a pair of bursts with 
At = 6.3 hr. 

We found 4 bursts with distinct double peaks in the bolometric flux, separated by 4-5 s. For three of these bursts 
(on 2001 September 5 08:15:04, 2001 October 3 00:22:18, and 2002 February 28 23:42:53 UT) the second peak was 
larger than the first, by 70, 4 0, and 230% respec tively (the lattermost case bore a striking resemblence to a burst from 
4U 1709-267; see £021 and Donker et al.ll2004f ). For the other burst, on 2002 January 8 12:22:44 UT, the first peak 
was very slightly greater than t he second, and between the two peaks the flux reached a minimum of around 45% Fp^. 
This burst was also analysed bv lBhattacharvva fc Strohmaverl (|2006a| ). who interpreted the variation of the blackbody 
radius as arising from two-phase spreading of the nuclear burning following ignition near the pole. 

A.9. MXB 1659-298 

Regular (At = 2.1-2 6 hr) X -ray bursts were first detected from MXB 1659-298 (I = 353?83, b = 7?27) by SAS- 
3 in 1976 (jLewin et alj|1976d) . An upper limit on the persistent flux at this time led to a constraint on a < 25. 
Persi stent emission at ~ 5 x 10~ 10 ergcm _2 s _1 attributed to the bursting so urce was detected by SAS- 3 two years 
later (|Lewin et al.lll978l ), although no bursts were detected at that time (see also lLewin et al.lll993l ). An i mproved X-ray 
posit ion from observations by HEAO-1 led to the identification of the optical counterpart, V2134 Oph (|Doxsev et al.l 
1979). Irregular X-ra y dips as well as 15 min eclipses at the 7.1 hr orbital period were discovered in HEAO A-l 
scanning observations (jCominskv &: Woodlll984f ). 

A new active period which lasted around 2.5 yr began in 1999 April, during which the source was observed extensively 
by RXTE and BeppoSAX/WFC. The PCA flux peaked at 10" 9 ergcixT 2 s" 1 (2.5-25 keV) in 1999 April, but was 4- 
6 x 10~ 10 erg cm -2 s -1 throughout the remainder of the outburst. For d = 12 kpc (see Table ITO)) this corresponds 
to a range of accreti on rates of 6-15% ME dd- Burst oscillations at 567 Hz were detected in most of the PRE bursts 
observed by RXTE (IWiinands e t al. 200 k]); a detailed study of 14 of the 26 bursts observed in total was presented in 
IWijnands et~aT1 (|2002bh . 

Those authors found no clear correlations between their properties and the accretion rate, although only a limited 
range of accretion rates were sampled. In the full set of bursts observed by RXTE there is a marked division between 
the PRE bursts, which had r = 4.6 ± 1.0 s in the mean and were generally observed at higher F p , and the non-PRE 
bursts, for which r = 19 ± 5 s (with one exception) and which were observed at somewhat lower F p . We also found 
unusually large variations in the peak flux of the PRE bursts (see £|3.ip ; this may be a consequence of the high system 
inclination, as evidenced from the presence of eclipses. The burst intervals measured by RXTE were all > 14 hr, with 
just two exceptions; for one of those intervals (At = 1.82 hr) we could not exclude intermediate bursts due to a data 
gap, while for the other (0.53 hr) the high-resolution datamodes did not cover the second burst. Thus, we could not 
reliably estimate a for any of the burst pairs. 

MXB 1659—298 became undetect able by the PCA on 2001 September 7, after which the cooling of the NS was 
monitored by Chandra observations (jWijnands et a l. 2004) . 
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A.10. 4U 1702-429 

Burs ts from this Galact i c pla ne (I = 343?89, b = — 1?32) source were first detected by OSO-8 (|Swank et al.l 
Il976bf) . iMakishima et all (|1982f ) detected 14 bursts with characteristic recurrence times of 9-12 hr from the re- 
gion in Hakucho observations in 1979, and attributed them to a persistent Uhuru source. Th e peak fluxes wer e 
(18-30) x 10" 9 erg cm" 2 s" 1 (3-10 keV); rise times a few seconds or less; and r = 10-15 (see also lLewin et al.|["l993ft . 
A distance of ~ 10 kpc was inferred from the similarity of the peak fluxes with those of other G alactic centre sources . 
A K — 16.5 star at the edge of the Chandra error circle has been suggested as the counterpart (IWachter et alJ feCKM). 
RXTE observations in 1997 July 29-30 revealed kHz QPOs as well as 6 type-I bursts with coherent oscillations near 
330 Hz (|Markwardt et al.lll999bf ). 

4U 1702-429 was persistently active at low levels (0.7-2.3 x 10" 9 erg cm" 2 s"\ 2.5-25 keV) throughout the RXTE 
mission to date. For a distance of 5.5 kpc (derived from the mean peak flux of five PRE bursts; Table [TO]) the accretion 
rate was 2-6% MEdd (where we adopt a bolometric correction for the 2.5-25 keV flux which averages 1.12 ± 0.04 over 
6 selected observations). We found 47 bursts in total, with peak fluxes which were strongly correlated with the burst 
fluence. The correlation was most striking for the bursts with fiuences < 0.6 x 10" 6 erg cm" 2 (primarily non-PRE 
bursts), and the scatter about a linear fit was only about 10%. The relation saturated at about 75 x 10 -9 erg cm" 2 s" 1 , 
and for bursts with fiuences larger than 0.6 x 10 -6 erg cm" 2 (all PRE bursts) the peak fluxes were all quite similar. 
We note that this behavior is distinct from that of 4U 1728 —34, which shows a correlation between peak flux and 
fluence most strongly for PRE bursts (jGallowav et al.ll2003h . The non-PRE burst profiles from 4U 1702-429 were 
quite homogeneous, with t = 7.8 ± 0.7 s in the mean, and rise times consistently < 2 s (see Fig. [9j. The PRE bursts 
had substantially larger r-values (r > 10) than the non-PRE bursts. 

The shortest burst interval was 4.5 hr; on 16 separate occasions between 1997 July and 2004 April we detected a 
pair of bursts separated by no more than 8.1 hr; in the mean, the burst separations were 6.4 ± 1.1 hr. We tentatively 
identify this value as the characteristic burst recurrence time for the source during the RXTE observations. While 
it is possible that intervening bursts were missed in data gaps (so that the actual recurrence times were one-half or 
less of the measured inter vals), we note that thes e intervals are already significantly lower than the 9-12 hr measured 
in previous observations (fMakishim a et al1ll982D , suggesting that an even shorter recurrence time is less likely. The 
source was quite variable on timescales of a few days, so that the persistent 2.5-25 keV flux during these observations 
varied between (1.3-2.3) x 10 -9 erg cm" 2 s" 1 . We estimate a- values in the range 74-153, with the wide range arising 
mainly from the large variations in burst fluence E\>. This inconsistency between the burst fiuences for comparable 
recurrence times and M perhaps indicates incomplete burning of the accreted fuel in the low-fluence bursts. We found 
the three smallest values of a clustered tightly about a mean of 75.3 ± 1.5, suggesting a H-fraction at ignition of less 
than half the solar value. A low H-fraction is also consistent with the short rise times and low r-values for the bursts. 

A.ll. 4U 1705-44 

This persistently bright, variable source (I = 343?33, b = — 2?33) was detected initially in Uhuru observations 
(|Forman et al.|[l978h . Bursts were first discovered by EXOSAT in 1985, and the bursting behaviour was subsequently 
studied in detail by that satellite (jLangmeier et al.lll987t iGottwald et al.l fl989). The burst profile was observed to 
change from slow (with decay r ~ 100 s) to fast (r ~ 25 s) as the intensity increased, in a similar fashion to 
EXO 0748-676 (see also qA.2llLewin et~all [l993) . Typical recurrence times were 1.9-2.5 hr, except for occasional faint 
bursts following brighter events by just 500-1000 s. Model a tmosphere fits to spectra of non-PRE bursts observed 
by EXOSAT suggest a distance to the source of 7.5ji\ kpc (jHaberl fc Titarchukl fl995). and also indicate a H-rich 
atmosphere; on the other hand, IChristian &: Swankl (|1997h derive a distance from the peak flux of PRE bursts o f 
11 kpc. One (or possibly two) high-frequency QPOs were discovered through RXTE observations (|Ford et al.l ll998). 
The optical counterpart is unknown. 

The per sistent flux from th e source varies substantially in a quasi-periodic manner on a time-scale of several hundred 
days (e.g. lPriedhorskvlll986l see also fig. HJ}. The 2.5-25 keV flux measured by RXTE/PGA varied between 0.18- 
10.7 x 10" 9 erg cm" 2 s" 1 . We found a total of 47 type-I bursts in the public PCA data , including three exh i biting 
PRE. The distance derived from the PRE bursts is consistent with the distance estimate of lHaberl &: Titarchukl (|1995l ) 
at between 5.8-7.6 kpc, depending upon the composition (Table fTO)) . The persistent flux range is thus equivalent 
to an accretion rate of 1.1-70% MEdd (for a bolometric correction to the 2.5-25 keV flux which ranged between 
1.29-1.75 for 3 selected observations, and was 1.48 in the mean). All but one of the bursts was observed when 
F p < 2.5 x 10" 9 erg cm" 2 s" 1 (i.e. M < 16% M E dd)- The non-PRE bursts had r = 19 ± 5 s in the mean, while the 
PRE bursts, which were all observed at higher persistent flux levels (F p — 2.25-2.5x 10 -9 ergcm _2 s _1 ), were much 
faster with r = 5.0 ± 0.4 s. The single burst observed at high F p = 8.1 x 10" 9 erg cm" 2 s" 1 on 2002 June 29 19:54:43 
UT also had a low r = 6.8 ± 0.4 s but did not exhibit PRE. 

We found four bursts with short recurrence times of between 7-11 min, two of which were themselves part of a 
closely-spaced burst triple t, on 2000 Februa ry 7. Such triplets ha ve on ly been observed in a handful of sources, 
including EXO 0748-676 ()Boirin et al.ll2007t ) and 4U 1608-52 (see CO) . Each of the short recurrence time bursts 

had unusually small fiuences, and occurred when the persistent flux indicated an accretion rate of 5-10% MEdd- For 
the remaining bursts, taking into account the possibility of missed bursts, the recurrence times were 0.76-3.1 hr. 
Between 1997 May 16-19 ten bursts were detected off-axis during observations of PSR B1706— 44, just 0?41 away. 
Assuming that the X-ray flux from the pulsar is negligible, the majority of the bursts for which the recurrence time 
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could be confidently measured had At « 1 hr and a = 34-75. For three other pairs of bursts with somewhat longer 
At = 1.6-3 hr, the a-values ere much higher, at 196 ± 16, 186 ± 14, and, for an unusually weak burst, 500 ± 50. 

A.12. XTE J1709- 267 

XTE J1709-267 (I = 357? 47, b = +7?91) went into a large outburst in 1997 and was discovered by the RXTE/PCA 
during a satellite m aneuver (Marsha ll et al.l lT997). An improved position was obtained from BeppoSAX observations 
(|Cocchi et al.|[l998l ). also during which bursting behaviour was first observed. Three bursts were observed in total 
by BeppoSAX, with absorption-corrected bolometric peak fluxes of 16 x 10~ 9 ergcm~ 2 s _1 , leading to a distance 
upper limi t of 10 ± 1 kpc. A second outburst, very similar to the first, was observed with RXTE beginning 2001 
December (jJonker et al.ll2004D . The maximum PCA flux was 3.2 x 10 9 erg cm 2 s 1 (2.5-25 keV), slightly smaller 
than for the previous outburst (which peaked at 4.2 x 10~ 9 erg cm -2 s _1 ). For d = 10 kpc this corresponds to a peak 
accretion rate of 33-43% MEdd- PCA observations detected 3 bursts during the 2001-02 outburst with peak fluxes of 
(11.6 ± 0.6) x 10~ 9 ergcm~ 2 s _1 and r = 5.8 ± 0.5 s in the mean. All three bursts exhibited low-level flux for 2-3 s 
prior to the burst, and one (on 2002 January 30 04:16:02 UT) exhibited a precursor event peaking at « 20% of the 
subsequent maximum, remarkably similar to a burst observed from 4U 1636—536 on 2002 February 28 23:42:53 UT 
(see Fig. While none of the bursts exhibited evidence for significant radius expansion, the third burst, on 2002 
Feb 7 01:12:03 UT, exhibited marginal evidence (although it did not reach a peak flux level significantly higher than 
the other two). The distance limits derived from these bursts is consistent with that of the BeppoSAX observations, 
at 11 (14) kpc for X = 0.7 (0.0). 

A.13. XTE 31110-281 

This nearby source (I — 356?36, b = +6?92) was also detected in outburst by the PCA in 1998, and was identifie d 
with the ROSAT All-Sky Survey Bright Source Catalog source 1RXS J171012. 3-280754 (jMarkwardt et al.lll998ft . 
Low-level activity continued throughout 1999, and recurring < 800 s eclipses with a periodici t y of 3.27 h (assumed 
to be the orbital period) were detected in subsequent observations (|Markwardt et alJ Il999d iMarkwardt fc Swankl 
2002). Bursting activity was also discovered during these RXTE observations, with a total of 19 bursts detected since, 
including one PRE burst and one pair of bursts separated by 10 min. The distance range im plied by the peak flux 
of (9 .2 ± 0.2) x 10" 9 erg cm -2 s -1 for the single PRE burst is 12-16 kpc (Table HO) see also IMarkwardt fc Swankl 
2002). The source was also active during 2001-02, at an overall flux range of 0.4-1.4 x 10 10 erg cm 2 s 1 (2.5- 
25 keV). For d = 16 kpc this corresponds to 1-4% MEdd (assuming a bolometric correction of 1.421 ± 0.126). The 
non-PRE bursts were exceedingly faint, with peak fluxes of 0.22-3.6 x 10~ 9 erg cm -2 s . The bursts observed when 
F p > 1 x 10~ 10 erg cm -2 s _1 had a range of r = 5-17 s, with the PRE burst having the smallest value of r = 5.7 s. 
At lower persistent fluxes the bursts were longer, with (typically) r w 30. The pair of closely spaced bursts occurred 
when the persistent flux indicated an accretion rate of 1.6% MEdd- On three occasions we measured burst intervals of 
~ 7 hr, while in 2005 November we found two bursts separated by 3.3 hr. Thus, we tentatively identify the typical 
recurrence time as ~ 3.5 hr. The corresponding a-values varied widely between 22-190. 

A.14. XTE 31123-316 

This transient (I = 350?18, b = — ?87) underwent a moderate ou tburst on 1999 January and was discovered during 
an RXTE/PCA scan of the region ( Marshal l fc Markwardt]|1999[) . An ASCA observation on 199 9 March 4 led to 
an im proved position (|Marshall et al.lll999h . and the source activity continued throughout March (jMarkwardt et all 
1999c). Thermonuclear bursts were first observed during the RXTE observations, and a total of three bursts were 
observed. The brightest burst reached (14.1 ± 0.1) x 10 -9 erg cm -2 s _1 , implying a source distance of at most 13 kpc. 
The persistent flux reached 1.5 x 10 -9 ergcm _2 s~ 1 (2.5-25 keV) in outburst, which for d < 13 kpc corresponds to 
< 20% M Ed d (for a bolometric correction to the 2.5-25 keV flux of 1.05 ± 0.02). The first of the pair of bursts on 1999 
February 3-4 (At = 2.7 hr) exhibited evidence for a double peak in the bolometric flux, and had r = 12 s. The second 
burst was faster and somewhat flat-topped, with r = 7.5 s and a = 170. 

A.15. 4U 1124-301 in Terzan 2 

A long thermonuclear burst was observed from 4U 1724-307 (I = 356?32, b = +2?30) by OSO-8 (| Swank et all 
Il977h . re aching a p eak flux of 6.2 x 10 ~ 8 erg cm^ 2 s -1 . The burst source was identified with the globular cl uster 
Terzan 2 (|Grindlavlll9~78t iGrindlav et al.lll980li . 7.5-12 kpc away (jKuulkers et all 120031 : although lOrtolani et al.lll997l 
estimated a ran ge of 5-8 kpc). N o optical counterpart is known. Bursts are observed from the source relatively 
infrequently (e.g iLewin et al.l["l993h . and the most detailed studies to date have been with BeppoSAX/WFC monitoring 
observations of the Ga lactic center region which found 24 bursts with inferred PRE reaching 5.4-8.4 x 10 -8 erg cm -2 s _1 
(jKuulkers et al.ll2003fh 

4U 1724—307 was persistently bright although declining during RXTE ob servations; in 1996-98 the persistent 
flux was F p = 1.2 x 10" 9 erg cm" 2 s -1 (2.5-25 keV, see also lOlive et alJl!998t ). while in 2001-02 it had declined to 
7 x 10~ 10 erg cm -2 s -1 . For a distance of 9.5 kpc this corresponds to an accretion rate of 6-11% MEdd- A burst 
observed by RXTE on 1996 November 8 07:00:31 UT exhibited sufficiently intense PRE that the color temperature 
fell b elow ~ 0.5 keV sho r tly after the start, so that the burst flux effectively dropped out of the PCA band (see Fig. [TT] 
and iMolkov et al.| [2000; Ku ulkers et alj |2003). Apart from this episode the burst flux was approximately constant at 
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6 x 10 -8 ergcm~ 2 s -1 for the first 25 s; this is substantially above the expected Eddington flux for a source at 9.5 kpc. 
A second PRE burst observed on 2004 February 23 exhibited much less extreme radius expansion, and reached a peak 
flux around 30% lower at 4 x 10~ 8 ergcm~ 2 s _1 . The implied distance from this burst is 7.4 kpc, consistent with the 
lower limit of the estimated distance range for Terzan 2. The weaker PRE burst lasted only w 20 s, and the fluence 
was less than a tenth of that of the brighter. The only other burst was similar in profile to the 2004 February burst, 
reaching a peak of 5 x 10~ 8 ergcm~ 2 s _1 , but exhibiting only marginal radius expansion. Intense, long duration PRE 
bursts, as also observed from 4U 2129+12 (see 3A.47j) and GRS 1747-312 ( ^A.34|) , appear to consistently exceed the 



expected Eddington limit (see £13.1 

A.16. 4U 1728-34 (= GX 354+0) 

4U 1728— 34 (GX 3 54+0; I = 354?3, b = — 0?15) was first resolved by Uhuru scans of the galactic center region 
(|Forman et al.lll976bf). The p osition of a possible radio counterpart suggested identification with a K = 15 infrared 



counterpart ( Marti et al.lll998[). Thermonuclear X-ray bu rsts were discovered during SAS-3 observations of the Galac- 



tic center region ( Lewin et al.lll976at Hoffma n et al.|[l976T h The bursting behaviour was subsequently studied in detail 



using extensive SAS-3 observations, which included 96 bursts in total. The burst intervals were moderately regu- 
lar, varying by a f actor of ~ 2, and — along with the burst properties — were apparently not correlated with F p 
(iLewin et al.l 1 19931). The average r = 7.8 ± 2.4 s, while a = 110 with only ~ 15% variation between observations. 
iBasinska et al.l (11984) found evidence for a narrow distribution of peak burst fluxes, as well as a correlation between 
peak flux and the burst fluence. Assuming that the maximum burst flux is the Eddington limit, the distance to 
the source is 4.2-6.4 kpc (see also Ivan Paradijsl fl978): other measurements are all around these values (e.g. 6 kpc; 
iKaminker et al.lll989f ). Earl y RXTE observations o f the source led to the discovery of nearly coherent 363 Hz os- 
cillations during the bursts (|Strohmaver et al]|1996l ) that were subsequently obser ved in 12 other sources (s ee 32.411 



Subse ts of t he bursts ob s erved durin g the PC A observations have been studied bv lvan Straaten et al.l (|2001l ). iFrancol 
(|2001h . and iMuno et alj ([2001, 2004), with particular attention to the relationship between the appearance of burst 
oscillations and the mass accretion rate. 

4U 1728-34 was persistently bright during RXTE observations at F p = 1-7 x 10~ 9 erg cm -2 s -1 (2.5-25 keV). 
We note that these persis tent flux levels may be affected by the presen ce of the nearby tran sient 4U 1730—335 (the 
Rapid Burster; see 3A.17I and TO.lj) . For a distance of 5.2 kpc (see also lGallowav et al.ll2003f ) this is equivalent to an 
accretion rate of 3-18% M^dd (for a bolometric correction to the 2.5-25 keV flux between 1.05-1.55, or 1.24+ 0.20 in 
the mean). We found 106 bursts in total attributable to 4U 1728—34 in public RXTE observations. The bursts were 
all rather homogene ous, with short ri s e tim es (rs 1 s) and time scales (r = 6.3+ 1.3). The shortest measured burst 
interval was 1.77 hr; ICornelisse et al.l (|2003f ) found evidence for clustering of recurrence times in bursts observed by 
BeppoSAX between 2.5-5 hr, which is consistent with the RXTE measurements. The a-values for the bursts varied 
betw een 91-310, or 150 ± 70 in the mean. The burst properties bear a remarkable resemblence to those of 3A 1820—30 
(see CQ91 [C ummm g| [2003h . which is an ultracompact binary with an evolved, H-poor mass donor. Mode l fits to the 
RXTE spectra during PRE also suggest an atmosphere dominated by helium ( Shap oshnikov et al.l 12003). It seems 
likely that the mass donor in 4U 1738—34 is also H-poor. 

A significant fraction (ss 2/3) of the bursts observed by RXTE showed evidence for PRE episodes. The peak flux 
Fpk,PRE of these bursts varied with a standard deviatio n of 9%, and was corr elated with the persistent emission, both 
varying quasi-periodically with a time scale of « 40 d (jGallowav et al.ll2003h . The peak PRE burst flux and fluence 
Et, were also strongly correlated, su ggesting reprocessing of the burst flux, perhaps by a precessing, warped accretion 
disk to give the ~ 40 d time scale. IShaposhnikov et al.1 (j2003l ) suggests instead that the variations in F p k,pRE arise 



from increased visibility of the neutron star following the atmospheric contraction, and estimate a system inclination 
of -50°. 



A.17. Rapid Burster (= MXB 1730-335) in Liller 1 

This remarkable Galactic bulge (I = 354?84, b = — 0?16) transient was discovered during SAS-3 observations 
(jLewin et al.l Il976bh to exhibit unusually frequent X-ray bursts, with inte rvals of 6 s to 5 m in. An apparent second 
class of "anomalous" bursts, with 3 s rise times and lower peak intensities (|Uhner et al.lll977l) . were later identified as 
thermonuclear (type- I) bursts; the brighter, more frequent (type II) bursts were attributed instead t o episodic accretio n 
(Hoff man et al .11 19781 ). Thermonuclear bursts occur in the Rapid Burster at intervals of ~ 1.5-4 hr (jLewin 
in the same range as other bursters, and are almost always observed alongside type-II bursts. No PRE bursts have 
been re ported; the peak fl ux of the brightest thermonuclear bursts is 1.7 x 10~ 8 ergcm~ 2 s _1 (jKuulkers et alj[2003t 
see also lLewin et al.lll993| ). The type-I bursts have long durations, suggesting that substantial amount s of H is present 
at ig nition. Historically, the source has exhibited approximately periodic outbursts every ~ 200 d (jGuerriero et al.1 
1999); t hermonuclea r bursts are seen preferentially in the first 15-20 d of the outburst. Located in the globular cluster 
Liller 1 (lLillerlll977l). no c onclusive optical counterpart has bee n found despite Ch andra and HST observations of the 
field (|Homer et al.ll2001bl ). and a confirmed radio counterpart (|Moore iEaD[2003). 

RXTE observations hav e detected sa 2 5 outbursts (as of 2006 March) , and indicate that the outburst recurrence time 
has decreased to ~ 100 d jjVlasctti 20021; see also Fig. [SJ. The peak 2.5-25 keV fl ux typical for outburs ts prior to 2000 
was 1.2 x 10 -8 erg cm -2 s _1 , which for a distance to the host cluster of 8.8 kpc (jKuulkers et al.ll2003| ) corresponds to 
an accretion rate of 95% A^Edd- Outbursts occuring in 2000 and later appeared to peak at a significantly smaller flux 
of w 5 x 10 -9 erg cm -2 s _1 , or w 40% MEdd- The minimum detectable F p was 1.6 x 10~ 10 erg cm" 2 s _1 , or 1.2% MEdd- 
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We n ote that these F p measurements may include a contribution from the nearby source 4U 1728—34 (see ^A.16l 
In the public RXTE observations of the Rapid Bu rster we found 66 type-I bursts, none of which exhibited 
PRE. Analysis of a subset of the thermonuclear bursts by iFox et all (|2001f ) revealed a possible burst oscillation at 
306.5 Hz. The signal was detected b y combining the power density spectra of 31 individual bursts, and is not detected 
in any single burst. As also noted bv lFox et al.l (|2001l ). the bursts exhibit a range of profiles, with r = 5-40; some bursts 
appear to last for more than 100 s. A few bursts appear to be followed by an increase in the persistent flux level, which 
makes the fluence difficult to constrain. The peak flux was ~ 10 -8 ergem" 2 s" 1 , similar to previous observations. The 
burst rate was 0.43 ± 0.06 hr -1 on average, and increased significantly with persistent flux (although it is possible that 
some faint thermonuclear bursts are in fact mis-identified type-II bursts). Interestingly, the Rapid Burster appears to 
be "rapid" both in the sense of type-I and type-II bursts. 

A. 18. KS 1731-260 

A transient located near the Galactic center (I = 1?07, b = +3 ?66), KS 1731—26 wa s discovered in August 1989 using 
the imaging spectrometer aboard the Mir-Kvant observatory (Su nvaev et al.|[l990f ). Type I X-ray bursts were also 
first seen during these observations, lasting 10-20 s and reaching ~ 0.6 Crab (3 x 10~ 8 ergcm _2 s _1 ). An improved 
X-ray position from Chandra observations fW iinands et al. 2001a) led to the identification of the J = 17.32 ± 0.2, 
K' = 16.36±0.18 counterpart (jRevnivtsev fc Sunv aev 2002; Mignan ilit~all2002l) RXTE observatio ns revealed 524 Hz 
burst oscillations which occurred preferentially in PRE bursts (Smith et al.lll997l : iMuno et al.ll2000T ) 

The source was active at 1-6 x 10~ 9 ergcm~ 2 s _1 (2.5 -25 keV) although dec lining steadily in intensity between 
1996-2000, before transitioning to quiescence early in 2001 ( Wi inands et al.[2001bh . After this time the source became 



undetectable by RXTE, and no more bursts were detected We found 2 7 bursts from KS 1731—26, with 4 PRE 
bursts observed at relatively high F v > 3.9 x 10~ 9 erg cm -2 s -1 (see also lMuno et al.|[2004D ; oscillations were found 
preferentially in the PRE bursts (|Muno et al.ll200ll : see also §3.7|) . The PRE bursts reached peak fluxes indicating a 
source distance of 7.2 ± 1.0 kpc (assuming the bursts reach £Edd,H C ; Table fT0|) . Thus, the accretion rate while the 
source was active was 6-38% MEdd (for a bolometric correction averaging 1.62 over two observations). The PRE bursts 
were of short duration, with t = 8.7 ± 1.4 s in the mean. In observations between 2000 August-September, during 
which F p = (2.12±0.07) x 10~ 9 ergem" 2 s" 1 (i.e. 14% M Ed d), the bursts were much longer duration (t = 23.8±0.7 s, 
rise time 4.8 ± 0.6 s) and occurred regularly at At = 2.59 ± 0.06 hr. The a-values were 46.9 ± 1.4 in the mean ; in 



many respects these bursts were remarkably similar to those observed from GS 1826—24 (I Galloway et al 
also £|A.40[ i)3.4[) . At both higher and lower F p this regular bursting ceased (also noted by ICornelisse et al 



2004b] see 

1mm . 



A.19. SIX 1735- 269 

This persistent Galactic-cen ter (I = 0?79, b = + 2?40) source was discovered in observations with a coded-mask X-ray 
telescope aboard Svacela b 2 (ISkinner et al-lfl^ S?), and a single X-ray burst detected later by BeppoSAX/WFC was 
attributed to t he so urce (jBazzano et al.lTl997h . The burst lasted 30 s, and had a peak flux of 1.8 x 10~ 8 ergcrn^ 2 s — 1 . 
iMolkov et al.l (|2004l ) detected six bursts in INTEGRAL observations between 2003 April and September, one with a 
brief precursor, an unusually long duration of ~ 600 s, and indications of PRE. The peak flux of 6 x 10~ 8 ergcm~ 2 s _1 
for the long burst suggests a distance of 5-6 kpc, depending upon the composition. The five bursts in 2003 September 
were consistent with a steady recurrence time of 12.3 hr; the estimated a-values were 100-200, and the inferred 
accretion rate was sa 1.7% M^dd (fo r d = 8.5 kpc). An improved X-ray position has been determined from Chandra 
observations bv I Wilson et a l. (2003), although this position did not match that of any IR counterpart (to an upper 
limit of J > 19.4). 

The persistent flux measured by the RXTE/PCA during 1997 and 200 1-02 was 2.5-6.5 x IP" 10 e rg cm " 2 s" 1 (2.5- 
25 keV); the timing behaviour during these observations was studied bv lWijnands fc van der Klisl (fl999h . We found 
just one burst, on 2002 January 23, with a peak flux of (43.0 ± 1.3) x 10~ 9 ergcm~ 2 s _1 and t = 12.5, and with no 
evidence for PRE. This implies an upper limit to the distance of 7.3 kpc ( Tabic [TU|) . The inferred accretion rate during 

the RXTE observations was then 1-4% MEdd- 

A.20. 4U 1735- 44 

This bright, persistent atoll source at I = 17?7, b = 17?5 was first detected by Uhuru, while therm onuclear bursts 
were discovered during SAS-3 observations (|Lewin et al.lll977T) . The 20-30" position from SAS-3 (iJernigan et all 
Il977f ) led to the identification of the V ~ 17.5 optical counterpart, V926 S co (iMcClintock et al.lll977l) . with optical 
and UV properties very similar to those of the c ounterpart of Sco X-l (e.g iMcClintock et al.lll978f ). Delayed optical 
bursts have been observed fr om the counterpart (iGrindlav et aT1ll978|), and periodic photometric variations indicate 
an orbital period of 4.65 hr (jMcClintock fc Petrol 119811 : ICorbet et al.lll986t note that iLewin et al1ll993l erroneously 
lists the P or b as 3.65 hr). The bursts are notable for their rapid time scales (r = 4.4 s), irregular recurrence times 
and consequently extremely variable a-values (from 250 to ~ 8000; Ivan Paradiis et"aT1ll988U ILewin et al.lll993l ). The 
source is one of a grow ing number which exhibit extremely long "superbursts" , detected in BeppoSAX observations 
(jCornelisse et al.ll2000f ). 

The persistent flux measured by RXTE varied between 3-8 x 10 -9 ergcm~ 2 s -1 (2.5-25 keV), with evidence for a 
long (~ 1000 d) time scale (see Fig. [8]). We detected 11 bursts in total from the PC A observations, 6 of which exhibited 
evidence for PRE with a mean peak flux of (31 ± 5) x 10~ 9 erg cm -2 s _1 . Assuming these bursts reach LEdd.Ho, the 
distance to the source is 8.5 kpc, implying a range of accretion rates of 19-50% Af E dd (adopting a bolometric correction 
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of 1.137, the mean of values from two observations). All the bursts were observed when F p < 5.4 x 10 9 erg cm 2 s , 
i.e. M < 34% A^Edd- The majority were fast, with r = 3.4 ± 0.4 s. We found four pairs of bursts with recurrence 
times of 1.1—1.5 hr, and one pair with At = 0.46 hr; the alpha values varied from 150-270. These properties are all 
consistent with pure He fuel. 

A.21. XTE J 1739- 285 

This Galactic- center region (/ = 359?71 , b = +1.30) transient was first detected in monitoring RXTE observations 
in 1999 October ([Markwar dt et aLlll999af ) . At that time, no bursts or high-frequency variabili ty were detected. Littl e 
more was learned about XTE J 1739— 285 until it became active once again in 2005 August [fBodaghee et alj|2005th 
when it was detected by INTEGRAL as well as several other X-ray instruments . Despite a Chan dra position with 
estimated uncertainty of 0'.'6 (90%), the optical counterpart h as not been identifie d (jTorres et al.ll2006h . Thermonuclear 
bursts were first detected also in INTEGRAL observations (jBrandt et al.lf2005h . and subsequent RXTE observations 
led to detection of six additional bursts. Evidence for oscillations at 1122 Hz during one of the bursts (|Kaaret et al.l 
2007|) suggests this system may harbour the fastest-spinning neutron star yet known. 

The persistent flux was greatest during the observations at the time of discovery in 1999, at between 3 and 5 x 
10~ 9 ergcm^ 2 s _1 (2.5-25 keV). For the observations in 2005-6 (and during an earlier active phase in 2001) the flux 
was typically in the range 0.3-1.5 x 10~ 9 crgcm~ 2 s -1 . At the maximum possible distance of 10 kpc (based on the 
peak flux of the brightest burst, since none of the 6 bursts observed with RXTE exhibited radius expansion; see 
also lKaaret et al1l2007l) this corresponds to a range of accretion rates of 3-50% Msdd (for a bolometric correction of 
1.30 ± 0.06). We note that bursts were only observed at peak fluxes between 0.9 and 1.3 x 10 -9 erg cm -2 s _1 , i.e. an 
estimated range of accretion rates of 9-13% Msdd- 

The burst peak fluxes varied significantly, reaching between 9 and 25 x 10~ 9 crgcm~ 2 s . Four of the six bursts 
had comparable fluences, while the other two were much fainter, about 1/3 the mean of the brighter bursts. The 
peak burst flux was significantly correlated with the burst fluence. The burst rise times and timescales also varied 
significantly, in the range 1-4.5 s and 6-12 s respectively. One of the two faint bursts (with rise time 2 s and r = 6 s) 
was the only one that occurred within 24 hr of the previous burst; assuming no bursts were missed in the (single) data 
gap inbetween, the recurrence time was 1.95 hr. The corresponding a- value was 143 ±8, indicating H-poor fuel, which 
is also consistent with the fast rise time and low r. The longer rise times and higher r for the other, brighter bursts 
suggest a larger contribution of H in the burst fuel. 

A.22. KS 1741-293 (= AX J17U.8-2921) 

This Galactic center (/ = 359?55, b = -0?07) source was discovered in 1989 August with TTM/Kvant aboa rd Mir 
(|in 't Zand et al.lll991h : it is within the error boxes of both MXB 1742-29 & MXB 1743-29 (|Lewin et al.lll976dft . Two 
single-peaked X-ray bursts were observed, with estimated peak fluxes of 12 and 16 x 10 -9 ergcm" 2 s" 1 . KS 1741—293 
was visible to RXTE in all t he G alactic center fields in which bursts were observed (see £1B.5|) . as well as the field 
centered on GRO J1744— 28 ( §B.6jl . although none of those bursts were conclusively attributable to this source. Because 
the source density is so high in this region, it was not possible to independently measure the source flux with the PCA 
observations. Furthermore, because the source position is only known to « 1', KS 1741—293 is not included in the list 
of sources for which the ASM routinely provides intensity measurements. 

An extremely faint burst was observed on 1998 Sep 24 00:22:24 UT during pointings towards IE 1740.7-2942, with 
an intrinsic peak flux of (1.6 ± 0.3) x 10" 9 ergcm^s- 1 . KS 1741-293, 2E 1742.9-2929 and SLX 1744-300 are all 

1° from the center of this field, with KS 1741—293 the closest by a small margin. Since the scaling factor due to 
the collimator response is extremely sensitive to offset angles around this value, we attribute this burst to the closest 
source, KS 1741—293. The resulting scaled peak flux was (41 ± 9) x 10~ 9 erg cm -2 s _1 , which is a factor of « 2 larger 
than previously observed bursts from the source. While 2E 1742.9—2929 exhibited other bursts soon after, on 1998 
September 30, the rescaled flux assuming the burst originated from that source instead would be almost a factor of 
two higher, which would be in excess of the Eddington limit for a Galactic center source. 

A.23. GRS 1741.9-2853 (= AX 31745.0-2855) 

This Galactic center (I = 359?96, b — +0?13) transient was discovered during observations with the ART-P coded- 
mask X-ray telescope aboard the GRAN AT observatory (Pavlins kv et a.1.1 119941 ) . Bursts (with indic ations of PRE) 
were first detected from this source by BeppoSAX in August and September 1996 (|Cocchi et al.lll999h : the peak flux 
indicates a distance of ~ 8 kpc, consistent wit h the distance to the Galactic center. The source has been detected in 
outburst several times by ASCA and Chandra (jMuno et al.ll2003T k the Chandra observations also revealed an extremely 
weak burst (peak flux 6 x 10 -10 ergcm~ 2 s^ 1 , 2-8 keV). 

We a ttributed 8 bursts in observations covering GRS 1741.9—2853 to this source; we note that IStrohmaver et al.l 
(|1997a[ ) reported millisecond oscillations in 3 of the 8, originally attributed to MXB 1743—29 (see also PB.6j) . The two 
shortest burst inte rvals were 35.6 hr and 39.4 hr, similar to the recurrence time of 1.46 d observed for MXB 1743—29 
(|Lewin et al.l Il993h . although it is possible that intermediate bursts were missed during the RXTE observations. Six 
of the 8 bursts exhibited PRE, with peak fluxes varying significantly between 22-52 x 10 -9 ergcm~ 2 s _1 . This range 
of peak PRE burst fluxes implies a range of distances of 5-10 kpc, consistent with the distance to the Galactic center 
(see also Table [TUJ) - The two brightest bursts, on 1996 July 8 01:57:47 UT and July 23 04:13:56 UT, had unusual 
profiles with broad maxima, long durations (r = 20.8 and 46.4 s, respectively; see Fig. [9]) and PRE to large radii, 
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similar as has been observed recently for GRS 1747—312 (|in 't Zand et al.ll2003d ) as well as a few other sources. The 
remaining bursts had much shorter durations, r=ll±2sin the mean. 

A.24. 2E 1742.9-2929 (= GC X-1/1A 1742-294) 

Bursts from this Galactic center (I = 359?56, b = — 0?39) source w ere probably first observed with SAS-3, and 
attributed to a source designated MXB 1742-29 (|Lewin et alj|1976df ). 2E 1742.9-2929 was subsequently observed 
with Arie l- 5 and Einstein , amon g others. The most detailed study of the bursts were of 26 observed with ART- 
P / Granat iLutovinov et aT] (|200lD . Both "weak" and "strong" bursts were observed; the brightest of the latter class 
reached a maximum of 3.5-4 x 10~ 8 erg cm -2 s _1 (3-20 keV). 

2E 1742.9—2929 was the most active Galactic center burster during the period covered by the RXTE observations. 
In the ASM the source was persistently bright at w 2 counts s" 1 (25 mCrab, or 6 x 10~ 10 ergcm~ 2 s _1 in 2-10 keV; see 
Fig. [8]). We attributed more than 80 bursts to this source in total, the majority from 2001 September 26 to October 
8 (see TO.5.3|) . All but two of the bursts were faint, with inferred peak fluxes of (7 ± 3) x 10~ 9 ergcm~ 2 s _1 in the 
mean, r = 10-40 s, and no evi dence for PRE. The other two bursts, observed in the field centered on a — 17l 1 44'. n 02.6, 
S = -29°43'26" (J2000.0; see qB.5.11) on 1997 March 20 and 1998 November 12, were of shorter duration with r » 8 s 
and exhibited strong PRE with rescaled peak fluxes of 4 x 10 -8 ergcm~ 2 s _1 , consistent with the brightest bursts 
previously observed from this source by Granat. About 20% of the bursts had recurrence times < 0.5 hr (0.31 ±0.09 ru- 
in the mean), while 35% had At = 1.5-3 hr. 

A.25. SAX J 17 47. 0-2853 

This transient was first detected in 1998 (|in 't Zand et al.lll998a|) at a position (/ = 0?21, b = — 0?24) consistent with a 
source detected in t he 1970s by rocket-borne coded-mask/^4rie/-5 observati ons, GX .2— .2 (als o known as 1A 1743-288; 
iProctor et £l1.II1978I ). Bursting behaviour was first observed by BeppoSAX (ISidoli et aLlfrg gS). Fo llowup ob servations 
revealed at least one radius-expansion burst, indicating a source distance of ~ 9 kpc ( Natalucci et al.ll2000f ). 

The source appeared in outburst on several subsequent occasions, including 2000 February- June and 2001 September 
([Natalucci et al.ll2004l ). During RXT E observations in 2001 September-October, 15 bursts were detected which we 
attributed to this source (see ^B.5.3|) . The bursts were relatively long, with T = ll±2sin the mean; 10 of the 
15 exhibited PRE, and 7 bursts also exhibited a distinct double-peaked morphology. If the PRE bursts reached 
iEdd.He, the estimated mean peak flux implies a distance of 6.7 kpc (see Table fT0|) . Assuming that SAX J1747. 0—2853 
was the only active source in the field during the 2001 September observations, the persistent flux was 1.5-1.7 x 
10~ 9 crgcm~ 2 s -1 , equivalent to an accretion rate of 7-8% MecM- The shortest recurrence times measured for the 
bursts was 3-4.2 hr. 

A.26. IGR J 17473- 2721 (= XTE J 1747- 274) 

The transient IGR J17473 -2721 (I = 1?410, b = 0?425) was first detected with INTEGRAL in 2005 March and 
April (jGrebenev et al.ll2005f l. One month later, a previously unknown s ource designated XTE J 1747 — 274 was re- 
ported in RXTE observations of the Galactic bulge RXTE observations (jMarkwardt fc Swankl[20"05lJ l. Subsequent 
Swift and Chandra observations of the field detected a single active source, indicating that IGR J17473— 2721 and 
XTE J1747-274 were the same source ()Kennea et alj|2005t iJuett et al.ll2005f) . 

Two X-ra y bur sts were detected in pointed RXTE observations, on 2005 May 24 and 31, which we attributed to this 
source (see £|B.4p . The corresponding peak fluxes, taking into account the offset between the pointing direction and 
the source position, were 5.5 and 4.5 x 10 -8 ergcm~ 2 s _1 . Neither burst exhibited oscillations or indications of radius- 
expansion. The corresponding upper limit on the distance (from the brightest burst, and adopting the Eddington 
limit for pure He material) is 6.4 kpc. The rise times were 5 and 7 s, which in addition to the relatively long r = 20.7 
and 17.4 s indicate H-rich fuel. 

A.27. SLX 1744-299/300 

This close (2.'8 separation) pair of Galactic center (I = 359?2 6, b = — 0?91) source s was discovered during mapping 
observations with the SL2-XRT instrument aboard Spacelab-2 (jSkinner et al.lll987t ). Their dual nature was revealed 
when a burst was observ ed from the souther n source, with a peak flux of 1.4 x 10~ 8 erg cm -2 s -1 (including a 20% 
correction f or absorption: ISkinner et al.l ll990). Bursts from this region were also observed by EXOSAT, TTM/ Kvant 
and SAS-3 (|Lewin et al.l(l993f ). 

The source was persistently active in the ASM at s» 2 counts s" 1 (equivalent to 25 mCrab, or 6 x 10~ 10 ergcm~ 2 s _1 
in 2-10 keV; see Fig. [8]). T he source was only observed with the PCA well off-axis in a field containing a number 
of other sources (see §B.5.1j) . so it was not possible to measure the flux more precisely. We found 3 bursts in public 
observations attributable to this pair of sources. The bursts were short, with r = 6-7.6 s, and with peak fluxes between 
1.4-1.9 x 10~ 8 erg cm -2 s _1 , roughly consistent with earlier observations. 

A.28. GX 3+1 

This persistent G alactic center source (I — 2?29, b = +0?79) was discovered during a rocket flight in 1964 
(|Bowver et al.l [1965T) . and subsequently proved to be one of the brightest persistent sources in the Galaxy. A de- 
tailed study of low-frequency QPOs in this and other sources led to the introduction of the atoll/Z-source classification 
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(jHasinger &: van der Klisl Il989f ) . No optical counter part is known (e . g. iNavlor et al.l 1 1 9 9 If ) . Thermonuclear X-ray 
bursts were discovered during Hakucho observations ([Makishima et al T he bursts were obs er ved at a particu - 

larly low F p level, and reached peak fluxes of 4-8 x 10~ 8 erg cm -2 s -1 (see also lLewin et al.|[l993|) . iKuulkera (|2002l ) 
also found evidence for a possible super burst from RXTE/ AS M monitoring; an intermediate-duration event, lasting 
rs 30 min, was detected by INTEGRAL (fCh enevez et al.ll2006h . The most detailed study of the thermonuclear bursts 
to date was bv Iden Hartog et al.l (|2003[ ). who detected 61 bursts with BeppoSAX/WFC and found them remarkably 
homogeneous with a weighted mean r = 3.63 ± 0.10 s. The burst rate dropped by a factor of w 6 as the persistent 
flux increased through a relatively small range. 

Long-term flux measurements suggest that F p varies on a time scale of a few years (e.g. Fig. [SJ. At the peak in 2001- 
03 the PCA flux was 8-12 x 10 -9 erg cm~ 2 s _1 , while during the minimum was 4-7 x 10 -9 erg c m" 2 s -1 . RXTE observa- 
tions revealed the first radius expansion burst from the source on 1999 August 10 18:35:54 UT (|Kuulkers fc van der Klisl 
2000), leading to a distance estimate of ~ 4.5 kpc with estimated uncertainty of up to 30%. The rapid rise (0.75 s) 
and short duration (r = 4.96 ± 0.13 s) of the burst suggests H e-rich fuel, and assumin g the flux reaches LEdd,Hc a 
somewhat larger value of 6.5 kpc is indicated (see Table ITD1 and Iden Hartog et al.1120031 ). In that case, the persistent 
flux range corresponds to accretion rates of 17-50% MEdd- Just one other burst was observed, on 2001 Aug 7 16:38:46 
UT, with r = 11.6 ± 1.0 s and no evidence for PRE. While the F p k was significantly lower than for the PRE burst, 
the fluence was significantly larger. 

A.29. 1A 1744-361 

Th is variable source (I = 354?14, b = — 04?20) was discovered in Ariel V observations in 1976 ([Carpenter et al.l 
[1971. A single X - ray b urst was observed from the source in 1989 August by the TTM/COMIS instrument onboard Mir 
(lEmelvanov et al.ll2001l ). A new period of activity beginning 2003 November was detected initially by the RXTE/ ASM 
(jRemillard et al.ll2003f) . RXTE and INTEGRAL detected the source ( briefly designated X TE J1748-361) again in 

2004 April, at which time the optical counterpart was also identified (|Steeghs et al.ll2"004f ). More extensive RXTE 
observations followed a subsequent outburst in 2005 July, revealing energy-depen dent dips separated by 97 min, and a 
thermonuclear burst with 530 Hz burst oscillati ons dBhattacharvva et a l. 2006a). The correlated spectral and timing 
variations were similar to those of atoll sources (|Bhattacharvva et al.ll2006bf ). 

The X-ray flux from the RXTE observations was in the range 0.5-2 x 10 -9 ergcm _2 s _1 (2.5-25 keV). The single 
X-ray burst was observed when the persistent flux was 1.1 x 10~ 9 erg cm -2 s _1 , and reached a peak flux of (19.0 ± 
0.6) x 10 -9 erg cm" 2 s" 1 . With no evidence for radius expansion, the peak burst flux is a lower limit to the Eddington 
flux, implying an upper limit on the distance of 11 kpc. At this distance, the X-ray flux range implies an accretion 
rate between 5 and 18% M-^dd- The burst was fairly fast, with a 1 s rise time and r = 5.8 ± 0.2 s. These properties 
suggest H-poor fuel. 

A.30. SAX J 1748.9— 2021 in NGC 6440 
SAX J 1748. 9- 2021 is one of an estima ted 4-5 LMXBs (|Poolev et al.l I20020 in the globular cluster NGC 6440 
(I = 7?73, b = +3?80, d = 8.4^ j kpc; lKjaulkejrs_glaL | HflOl) Transient X-ray emis sion was d etected from the 
cluster in 1971 (jMarkert et al.lll975h iForman et al.lll976af ). 1998 (jin 't Zand et al.lll999bf ). and 2001 (jin 't Zand et all 
20011)), although it was not certain initially that the outbursts were all from the same source. An observation with 
Chandra in 2001 also allowed the optical counterpart to be securely identified (|in 't Zand et al.ll200TbT ). Thermonuclear 
bursts were first detected during the 1998 outburst (|in 't Zand et al.l Il999bf ). Three bursts were detected in the 
WFC, with recurrence times of « 2.8 hr. A similar burst observed with the narrow-field instruments reached a 
peak flux of 1.7 x 10~ 8 crgcm _2 s _1 . No bursts were detected by RXTE during the 1998 outburst, but observations 
during the 2001 out burst revealed 16 bursts, one of which exhibited weak evidence for burst oscillations at 409.7 Hz 
(jKaaret et alJ 120031). A subsequent outburst was detected in PCA scans of the Galactic bulge region on 2005 May 
12-16 (jMarkwardt &: Sw ank 2005a). Intermittent persisten t pulsations at 442 Hz were detected during the 2001 and 

2005 outbursts (|Gavriil et al.1 20071 : lATtamirano et al.l 12008?) . The pulsations exhibited Doppler shifts from an 8.7 hr 
orbit. 

Six of the bursts observed by RXTE exhibited PRE, most with a pronounced double-peaked maximum (see Fig. [9]) 
which varied in flux between 28-40 x 10 -9 erg cm -2 s -1 . The inferred distance (assuming, based on the short PRE 
burst duration of r = 6.9 ± 1.3 s, that the bursts reached lvEdd,He) is 8.1 kpc (see Table ITOf . The range of F p measured 
by RXTE, from 6 x 10~ 10 ergcm~ 2 s" 1 prior to the 2001 outburst to 4.4 x 10~ 9 ergcm~ 2 s" 1 (2.5-25 keV) at the peak, 
thus translates to an inferred accretion rate range of 3-25% M^dd (with a bolometric correction averaging 1.157± 0.015 
over four observations). 

The non-PRE bursts bursts had longer durations, r = 15 ± 4 on average, and pe aked in the range 1.9 - 
2.2 x 10 -8 ergcm~ 2 s^ 1 (roughly consistent with the burst observed by the BeppoSAX/NFI: fin 't Zand et al.l ll999b). 
The inferred burst rec urrence times varied between 1.02-1.90 hr, rather faster than in previous observations 
(|in 't Zand et al.lll999bf) . While the measured a was not correlated with F p (which only varied by about 9% rms 
over the observations with bursts), it was strongly anticorrelated with r, with a = 100-150 for the fast bursts and 
a = 50-65 for the slow bursts. This is consistent with the fast bursts arising primarily from He burning, while in the 
slow bursts the fuel is a mixture of H/He (see also Fig. [T4")) . Perhaps most interestingly, the long and short bursts 
appeared to alternate independently of the persistent flux. 
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A.31. EXO 1745-248 in Terzan 5 

EXO 1745-248, in the Galactic bulge (I = 3?84 b = + 1?46) globular cluster Terzan 5, was discovered during 
Hakucho observations of the region (iMakishima et al.lll981bf). The sour ce has been noted fo r episodic burst behaviour, 
as well as burst intervals as short as 8 min ( Inoue et al.l 1984t see also iLewin et~aL|[l99l . PC A/ RXTE scans of the 



bulge detected a new transient outburst in 2000 July ([Markwardt fc Swankl 12000 ). Followup pointed observations 



initially revealed 15 X-ray bursts with an average separation of 25 min, as well as dipping activity and QPOs around 
65 and 134 mHz (|Markwardt et al.ll2000fh 

Prior to the outburst peak, the source was active at a flux level of 1-5 x 10~ 9 erg cm -2 s" 1 (2.5-25 keV). During this 
time we detected 21 type-I bursts with peak fluxes of 3-19 x 10" 9 erg cm" 2 s _1 , and no evidence for PRE. For those 
observations where we saw more than one burst, the recurrence times were between 17 and 49 min. The estimated 
a-values were in the range 20-46 which (along with the long burst durations r w 25 s) indicates H-rich fuel. Following 
the outburst peak (between August 15-18) the frequent bursting ceased, and just two more bursts were observed, 
on September 24 and October 2. These two bursts were of markedly different character to those prior to outburst 
maximum, with peak flu xes of ~ 6 x 10~ 8 erg cm" 2 s _1 , shorter durations of r = 6.6 and 7.3 s, and both exhibiting 
strong PRE (see Fig. [9j iKuulkers et al.l 2003). For the distance of 8.7 kpc for Terzan 5 derived bv iKuulkers et all 
(2003), we expect an Eddington flux for cosmic abundances of 1.7 x 10 -8 erg cm -2 s _1 , or 3x 10" 8 erg cm -2 s _1 for pure 
He; thus, the two PRE bursts appear to be super-Eddington by a factor of at leas t 2. However, the b urst peak fluxes 
are co nsistent with the more recent distance of 5.5 ± 0.9 kpc (|Ortolani et al.l[2007l cf. with Table fT0|) . Kuulkcrs et al.l 
( 2003) also noted that the peak fluxes for PRE bursts from this source measured by different instruments exhibited a 
large (factor of ~ 3) variation. 

A.32. 4U 1746-37 in NGC 6441 

Pe rsistent emission fro m 4U 1746—37 (I — 353?53, b = — 5?01) was first recorded in the 3rd Uhuru cata- 
log (iGiacconi et al] I1974D ; thermonuclear X-ray bursts were probably firs t observed during SAS-3 observations 
dLi fc Clarkill977f ). PRE bursts have pr eviously been observed by EXOSAT (ISztajno et al1ll987f ) with peak fluxes of 
(1 ± 0.1) x 10" 8 erg cm" 2 s" 1 (see also Lewin et al.lll993 | : | Kuulkers et al.ll2003l ). Periodic intensity dips every 5.7 hr 



were reported from Ginga observati ons ( Sansom et al.lll993rk more recent analysis of RXTE data indicate a somewhat 



shorter dip period of 5.16 ± 0.01 hr (|Balucihska-Church et al.l l2004). The optical counterpart, identified from an HST 
imag e following Chandra observations, also shows variations which are consistent with a period of w 5 hr ([Homer et al.l 
12002) . 

4U 1746-37 was active but variable at between 0.16-1.6 x 1 0~ 9 erg cm" 2 s" 1 (2.5 -25 keV) throughout the RXTE 
observations. For the distance to the cluster of II.OIq 9 kpc (Kuulkc rs et aLlfeOOSf ) this corresponds to a range of 

accretion rates of 2-16% MEdd (for a bolometric correction of between 1.09-1.45, depending upon the epoch). The 
catalog contains a total of 30 bursts from 4U 1746—37. The burst properties were clustered into three groups, depending 
upon the persistent flux level; at F p « 1.6 x 10" 10 erg cm" 2 s" 1 (2.5-25 keV), we detected long-duration bursts with 
t = 13 ± 2 s in the mean, while at higher F p the bursts fell into two groups, one even longer duration with r = 31 ± 3 s 
and the other very short with t = 4.5 ± 0.9 s. This latter group included three PRE bursts, which reached peak fluxes 
a factor of two lower tha n previous PRE burst s from the source, at (5.3 ± 0.9) x 10~ 9 erg cm -2 s _1 (see also §3.11 and 
Table [TU]) . We note that IKuulkers et al.l (|2003f) did not categorize these three bursts as PRE. Overall the peak fluxes 
were approximately bimodally distributed, with 15 bursts reaching fluxes between (0.4-2.8) x 10~ 9 erg cm" 2 s" 1 , and 
the rest peaking at between (3.8-6.3) x 10 -9 erg cm" 2 s" 1 . The characteristic a-values for the bright bursts (r w 12 s) 
was 35-50, while for the faint bursts (r « 32 s) was 140-180 (we note that 4U 1705—44 was the only other source with 
bursts with t > 20 s and a > 100). 

On two separate occasions (1996 October 25-27 and 1998 Novemb er 7th), a train of regula r bright (faint) bursts was 
interrupted by an out-of-phase faint (bright) burst. As discussed bv iGallowav et all (|2004af ). such interrupted regular 
bursting has not been previously observed, and is difficult to understand in the context of standard burst models. An 
alternative possibility is the presence of two sources in the cluster, bursting independently. From the stellar encounter 
rate for the host cluste r NGC 6441 (which is the second-high est of all Galactic globular clusters), we expect around 6 
LMXBs in the cluster (jPoolev et al.i r2003: Hc inke et al.ll2003T ). High spatial resolution observations during intervals of 
burst activity are required in order to independently localize individual bursts and confirm this hypothesis. 

A.33. SAX J 17 50. 8- 2900 

This G alactic center (I = 0?4 5, b = — 0?95) source was first detected by BeppoSAX in 1997 as a weak, bursting- 
transient (|Natalucci et al.| [T999). The source was detected in outburst once more in 2001 March, exhibiting an initial 
rise and steep fall early in March, followed by a second peak around April 21. 

We found four bursts between 2001 April 6-15 attributable to the source, three of which were bright with -Fpcak ~ 
5 x 10" 8 erg cm -2 s" 1 and two of those with evidence for PRE. The corresponding distance estimate (assuming, given 
the short durations t = 5-7.3 s of the bursts, that they reach I/Edd,He) is 6.79 ± 0.14 kpc (see Table [T0|) . Burst 
oscillations at 600.75 Hz were detected in th e second burst on 2001 April 12, which also exhibited PRE implying 
a distance 6.3 ± 0.7 kpc (jKaaret et alJ 12002). The peak flux measured by the PCA during the 2001 outburst was 
2.7 x 10~ 9 erg cm" 2 s" 1 (2.5-25 keV), which corresponds to 13% MEdd; during the secondary peak the source reached 
2.4 x 10~ 9 erg cm" 2 s" 1 , while the persistent level was ~ 3 x 10" 10 erg cm" 2 s" 1 (1.4% MEdd, although the flux may 
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contain contribution from other souces in the field; see TO.2p . The shortest recurrence time measured, between one of 
the PRE bursts and the final, faint burst (F pea k = 7.2 x 10~ 9 ergcm _2 s _1 , 2.5-25 keV) was 1.58 hr. 

A.34. GRS 1747-312 in Terzan 6 

GRS 174 7-312 (I = 358?56, b = -2?17), in the globular cluster Terzan 6, was discovered by ART-P/ GRAN AT in 
1990-1992 (jPavlinskv et al.lll994D . RXTE observations revealed quasi-periodic outbursts every w 4.5 months, as well 
as thermonuclear bursts, eclipses and dips (|in 't Zand et alJfeOOSal) . The orbital period is 12.36 hr. 

RXTE/PCA observations of two successive outbursts in 2001 May- June and October found a maximum persistent 
flux of 8-9 x 10 -10 erg cm -2 s -1 (2.5-25 keV); the minimum flux measured following the first outburst was 0.6 x 
10~ 10 ergcm _2 s _1 . At the distance to the host cluster of 9. 5*2 5 kpc (|Kuulkers et al J 12003). this corresponds to a 
range of accretion rates of 0.6-8% M^dd- , Of the seven bu r sts from public RXTE observations towards GRS 1747—312, 
four have been previously discussed by lin 't Zand et ail (|2003af) . The bursts had short durations, of 5.5 ± 1.2 s on 
average. Two of the bursts exhibited PRE, and despite their si milar profiles reached distinctly different peak fluxes of 
1.0 and 1.7 x 10~ 8 ergcm _2 s" 1 respectively (see also §3.1l and lKuulkers et al J 12003). The first PRE bu rst may have 
been f ainter because it actually originated from the nearby (Ad = 0?485) source SAX J1752. 3-3138 (lOocchi et alJ 
2001b) instead. If that was the case, the corrected peak flux would be consistent with the earlier PRE burst observed 
from that source by BeppoSAX . With only 4 PCUs on during that observation, and rather low count rate at the peak 
of the burst, it was not possible to rule out either source as the origin. Furthermore, for none of the other 3 bursts can 
we rule out an origin at GRS 1747—312, so that we can attribute none of the bursts concusively to SAX J1752.3— 3138. 
Thus, we attribute all the bursts to GRS 1747-312. 

One additional PRE burst was observe d in the field of the m illisecond X-ray pulsar XTE J 175 1—305, but was 
subsequently attributed to GRS 1747—312 (jin 't Zand et alJl2003d ). This burst exhibited approximately constant flux 
for rs 50 s, interrupted between 10-30 s by an excursion up to a maximum flux of almost a factor of two higher 
(see Fig. [9]). During this excursion, however, the blackbody radius reached a maximum, and the color temperature 
reached a minimum of » 0.6 keV, at which level extrapolating the blackbody spectra outside the PCA bandpass 
becomes particularly error-prone. Thus, for this burst we exclude the data during the radius maximum for the 
purposes of calculating the peak flux, and instead adopt the mean peak flux between 5-10 and 30-50 s as the peak, 
i.e. (22.4 ± 0.7) x 10 -9 ergcm _2 s _1 . Even with this correction, the peak flux significantly exceeds than that of the 
other two PRE bursts, leading to a fractional standard deviation of peak PRE burst flux of 38%, the largest of any of 
the sources with PRE bursts (see ij3. 1|) . The estimated fluence for the brightest PRE burst was almost thirty times 
l arger than the next most energe tic PRE burst; the profile was similar to other extreme bursts from 4U 1724—307 (see 
€Q5l) and 4U 2129+12 f €P7jl . 

A.35. XTE J 1759- 220 

This quasi-persis tent source towards th e Galactic bulge (I = 7?58, b = 0?78) was detected by INTEGRAL between 
2003 March- Ap ril dLutovinov et al.ll2003l). an d was subsequently identified with a new source detected by RXTE since 
2001 February (|Markwardt fe Swankl l2003af ) . Significant spectral variability was measured during the INTEGRAL 
obser vations between 2003 and 2004, suggestive of transitions between low/hard and soft/high states (|Lutovinov et al.l 
2005). In addition, there was evidence of dipping behaviour in the RXTE observations, suggesting high inclination. 
A single X-ray burst was detected in an RXTE observation on 2004 September 13. The burst was faint, reaching a 
peak flux of just (5.07 ± 0.16) x 10 -9 ergcm _2 s _1 . Both the slow (4 s) rise and long r = 24.8 s indicate a H-rich 
burst; the upper limit on the distance (assuming X — 0.7) is 16 kpc. Assuming that the source is equidistant with 
the Galactic bulge, the distance is ~ 8.5 kpc. The X-ray flux measured by RXTE during 2004 Mar-September was 
between 2-4 x 10 -10 ergcm~ 2 s" 1 (2.5-25 keV). For a distance of 8.5 kpc, this corresponds to an accretion rate of a 
few percent MEdd- 

A.36. SAX J 1808. 4-3658 

The first accreting milliseco nd X-ray pulsar, SAX J 1808.4— 3658 (I = 355?38, b = — 8? 15) was discovered during 
BeppoSAX/WFG observations (|in 't Zand et al.l[l9 98b). Two bright thermonuclear bursts were also observed from the 
source, separated by 14 hr. RXTE observations duri ng a subsequent outburst in 1998 revealed persistent millisecond 
pulsations at 401 Hz (IWiinands fe van der Klij[l998h . modulated by Doppler shifts arising from a 2.1 hr binary orbit 
(|Chakrabartv fe Morganlll998f ). iGiles et alJ ( |1999f) made observations of the V ~ 20 (in quiescence) optical counterpart 
as it faded following the outburst peak. Reanalysis of the 1996 BeppoSAX discovery observations revealed a third, 
previously undetected, brighter burst, leading to a revised distance estimate of 2.5 kpc din 't Zand et al.ll2001af). The 
sour ce has continue d to exhibit outbursts every ~ 2 yr; the latest was in 2005 June (|Markwardt et al.l 120051 : see 
also IWiinandsl 120041 ). At the peak of the October 2002 outburst four burs ts were observed by RX TE/PCA, each 
with burst oscillations also at 401 Hz, confirming the link with the NS spin (jCh akrabartv ct al. 2003) . One of thes e 
bursts exhibited a faint precursor event, 1 s the burst, also exhibiting oscillations (Bhattac harvva fe Stro hmavcr 2007( 1: 
variations in the observed oscillation frequency have b een interpreted as arising from sprea ding of the burning front 
following ignition at mid-latitudes of the neutron star (Bhatta charvva fc Strohm avcr 20063). 

The 2002 outburst was the best sampled so far by RXTE, and reached a maximum persistent flux of 2.6 x 
10~ 9 ergcm _2 s _1 (2.5-25 keV). The four bursts were all observed within a 100 hr interval just after the outburst 
peak, and the last three were separated by 21.1 and 29.8 hr, respectively. The bursts were quite homogeneous, all 
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exhibiting strong PRE; the fluence increased steadily by 30%, and r by 20% (total) as F p decreased. The peak fluxes 
exhibited little variation and indicate a distance of 2.77 (3.61) kpc assuming the bursts reach LEdd.H (iEdd.He! see 
also Table [T0| . For d — 3.61 kpc the peak persistent flux corresponds to a maximum accretion rate of just 5.5% MEdd 
(adopting a bolometric correction averaging 2.12 ± 0.04 over four observations near the peak). The estimated a- values 
for the last two burst intervals were a = 148 and 167, respectively. 

The a- values, as well as the f ast rise times (~ 0.5 s) sug gest almost pure He fuel. A comparison of the burst 
properties with an igition mo del (jCumming fe Bildstenl [2000 ) indicates that the mean H-fraction at ignition is ~ 0.1 
(jGallowav fe Cummindl2006l ). These are the first He-rich bursts which have been securely observationally identified. 
The ignition model comparison allowed an estimate of the distance, which was consistent with the estimate derived by 
equating the long-term time-averaged X-ray flux with the expected mass transfer rate due to gravitational radiation, 
as well as the peak flux of the bursts. The derived distance range for the source is 3.4-3.6 kpc. 



A.37. XTE J 1814- 338 

XTE J1814— 338 (I = 358?75, b = -7?59) was discovered in outburst during RXTE/PGA scans of the Galactic center 
region (|Markwardt fe Sw ank 2003bl). Subsequent PC A observatio ns revealed persistent pu lsations at 314.4 Hz, making 
this source the fifth known accretion-powered millisecond pulsar (|Strohmaver et aL| [2003). Doppler variations in the 
persistent pulsation frequency indicate an orbital period of 4.28 hr. A total of 28 burst s were observed throughout 
the outburst, all with burst oscillations at the pulsar frequency (see e.g. lWatts et al.|[2005| ). and all without conclusive 
evidence of PRE. From the maximum peak flux of the bursts, an upper limit to the distance of ~ 8 kpc is derived. 

The persistent flux level while the source was bursting was 0.4-0.5 x 10 -9 erg cm -2 s _1 , equivalent to 3.6-4.5% A/Edd 
averaged over the NS surface (for d = 8 kpc and a bolometric correction of 1.86 ± 0.3). We found five bursts separated 
by < 10 hr. The burst times were not consistent with a constant At, and instead suggest irregular reccurence times 
of 4-6 hr (with longer intervals resulting from missed bursts in data gaps). The two bursts with shorter recurrence 
times (1.7 and 2.3 hr) both had fluences around 1 x 10~ 7 erg cm -2 (as did three others), while the remainder had 
fluences of (2.6 ± 0.3) x 10~ 7 erg cm -2 in the mean. Thus, the burst behaviour appears to consist of irregular bursts 
with recurrence times of 4-6 hr and roughly constant fluence interrupted occasionally by bursts with approximately 
half the fluence, occurring after approximately half the usual interval. The measured alpha values from the bursts 
with recurrence times < 10 hr ranged between 55-100. The low a values, coupled with the relatively long burst time 
scales of r = 30 ± 6 in the mean indicate that mixed H/He makes up the burst fuel. 

The burst behaviour of XTE J1814— 338 is in marked contrast to the infrequent, He-rich bursts obser ved at sim- 
ilar accretion rates fro m the other accretion-powered millisecond X-ray pulsars, SAX J1808.4— 3658 (see £1A.36|) and 
HETE J1900. 1-2455 ( £P3l . The long bursts in XTE J1814-338 may arise instead from H-ignition, as is seen in 
EXO 0748-676 f CO]) . 



A.38. GX 17+2 

One of the first cosmic X-ray sources ever detected (e.g. lBradt et al.lll968l), GX 17+2 ( I = 16?43, b = +1?28) is one 
of the few Z-sources which exhibits th ermonuclear bursts (jHasinger fc van derKhi[l989). Despite a precise position 
from radio detection (Hicll nfinglll978h the optical counterpart l ong eluded observers ; HST observations finally led to 
identification of a variable IR counterpart (|Deutsch et al.lll999t ICallanan et al.|[2()()2 ■ with ~ 4 mag modu lation on a 
time scale of days to weeks ()Band vopadh vav et al.ll2002[ ) . Bursting behaviour was discovered with Hakucho (|Oda et al.l 
[1981 : the unique features of t he characterist i c long bursts unique to this source (rise time 1.5 s, duration 3-15 min) 
were subsequently discussed by iTawara et al.l (|1984D . Difficulties for the "st andard" burst analysis presented by these 
long (as well as short ~ 10 s) bursts were explored bv lSztaino et alj {T986), who conclude d they were indeed type- I 
(thermonuclear) bursts. A search for superbursts in BeppoS 'AX /WFC data was presented bv lin 't Zand et all |2P04b). 

GX 17+2 was persistently bright during the RXTE observations at 15-33 x 10 -9 ergc m~ 2 s~ 1 . RXTE obser ved 12 
thermonuclear bursts from the source, 10 of which were studied in detail previously by iKuulkers et ail ((2002). One 
additional event, on 1998 Nov 19 03:39:10 UT, was not discussed by those authors; however, the lack of spectral 
softening during t his event appears to r ule out a thermonuclear burst. Instead, this event, along with the four other 
"flares" noted by IKuulkers et all (|2002l ) may be type-II bursts (i.e. accretion instability events), analogous to those 
obser ved in the Rapid Burster and previously observed from GX 17+2 during Einstein observations (|Kahn fc Grindlavl 
1984). Two of the short (r < 10 s) and six of the long (r ~ 100-300 s) bursts exhibited indications of PRE, with 
peak fluxes of 14.8 x 10 -9 erg cm -2 s -1 in the mean. Neglecting the persistent emission, this suggests a distance 
of 9.8 (12.8) kpc, assuming the bursts reach LEdd,H (^Edd,Ho)- In GX 17+2, as distinct from almost all the other 
bursters, the persistent flux is comparable to the peak burst flux; even for a distance of 10 kpc, the persistent flux 
level suggests accretion rates consistently > A^Edd (for a bolometric correction of 1.083 ± 0.017). Thus, the estimated 
distance will be significantly closer if we sum the two contributions for our estimate of the Eddington flux. However, 
we note that detaile d spectral studies see m to indicate that the two are truly independent, so that combining them 
may not be correct (jKuulkers et alJl2~002ft . We found three pairs of bursts with relatively short intervals of 5.77, 13.0 
and 11.5 hr, and assuming that this represents the recurrence time, we derive a = 7200 + 600, 6000+ 1000 and 580 + 60, 
respectively. The first two bursts were of short duration, while the third was long with r = 92.1 s, and followed another 
long (r = 113 s) burst. 
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A.39. 3 A 1820-303 (= Sgr X-4) in NGC 6624 

Thermonuclear bur sts from this globular cluster source at I = 19? 06, b — 18? 81 were first discove red by ANS 
(iGrindlav et al.lll976l ). although some bursts were observed earlier but not in itially detected by SAS-3 (|Clark et al.l 
1976). The B = 18.7 UV/optical cou nterpart detected by [King et all (119931) was later confirmed by the det ection 
of periodic variations at P orb = 685 s (|King fc Watson! 119861 : IStella et al.lll987t see also lAnderson et al.iri997l ). The 
NS is thus in an ultracompact binary with an evolved, H-poor companion, and one of the shortest orbital periods 
known. The source is also notable for a steady long-term (176 d) pe riodicity in the persistent X-ray intensity, detected 
initially with Vela 5-B observations (jPriedhorskv fc Terrell! Il984al see also Fig. [8|). Long-term observat ions indicate 
that regular motions throughout the color-color diagram of this atoll source also reflect the 176 d period (|Bloser et al.l 
2000). Some authors ha ve suggested that this periodicity indicates that the source is in fact a heirarchical triple (e.g. 



Chou fc Orindla^l200lh . 



X-ray burst activity appears to be confined to within ±23 d of the minima in th e long-term periodi city. A 20 hr 
EXOSAT observation found 7 extremely regular (At = 3.21 ± 0.04 hr) PRE bursts ([Haberl et al.lll987D ; PRE bursts 
were also detected by SAS-3 (|Vacca et al.l 11986') . The At was found to decrease with increasing F p ([Clark et al.l 

1977 ). up to a critical level of around 2 x 10 -9 ergcm _2 s _1 (i.e. ~ 9% MEdd for d — 7.6 kpc; iKuulkers et al.l 



2003) at which the bursts stopped completely. A comparison of the burst properties with t heoretical ignitio n models 
indicates pure He fuel, which is consistent with the expected H-poor nature of the donor ([Cumm ing 2003). RXTE 
observ ations also revealed a "supe rburst" with 3 hr duration, following (by < 20 s) a normal (type I) thermonuclear 
burst ([Strohmaver fc Brown! [2001 ). 

The RXTE observations of 3A 1820—303 were almost always made when the source was above the critical threshold 
for burst activity; the persistent flux level was 3-16 x 10~ 9 ergcm~ 2 s _1 (2.5-25 keV). For d = 7.6 kpc (the host cluster 
distance; IKuulkers et al.ll2003f ). this is equivalent to 18-95% MEdd- As a result, only five thermonuclear bursts were 
detected, when the source was between F p = 2.7-3.7 x 10~ 9 erg cm -2 s" 1 . All five bursts exhibited extreme PRE and 
reached fluxes of around 54 x 10 -9 erg cm -2 s -1 , leading to a distance estimate of 6.4 kpc (for X = 0, based on the 
H-poor nature of the mass donor). This value is somewhat lower than the distance to NGC 6624, indicating that the 
bursts are slightly under-luminous. 

A.40. GS 1826-238 

This quasi-persistent source (I = 9?27, b — — 6?09) was discove red during Ginqa ob servations ([Tanakal fl989). 
Thermonuclear bursts were first conclusively detected by BeppoSAX (lUbertini et al.lll997f). a lthough this source may 



also have been the origin of X-ray bursts observed much earlier by OS 0-8 ( Becker et al.lll9761 ). Optical photometry of 
the V ~ 19 counter part ([Motch et al.lll994l iBarret et al.lll995h revealed a 2.1 hr modulation, as well as optical bursts 
(|Homer et al.l [l 998). The delay tim e measured betwe en the X-ray and optical bursts is consistent with the binary 
separation for a 2.1 hr orbit (see also iKong et al1l2000f ). Based on optical measurements, the distance to the source is 
at least 4 kpc ([Barret et al.lll995h : since no PRE bursts have been observe d, an upper limit of 8 kpc has been derive d 
from the peak fluxes of bursts measured by BeppoSAX, ASCA and RXTE (jin 't Zand et alJll999a) : IKong et ail 2000). 
placing the source just outside the Galactic bulge. Analysis of the ss 260 bursts observed by the BeppoSAX/WFC 
revealed that the source consistently exhibit s approximately per i odic bursts, with a rec urrence time which decreases 
significantly as the persistent flux increases (jUbertini et aljll999t ICornelisse et al.ll2003h . 

RXTE observations revealed that the source intensity steadily increased between 1997-2003, from 1.1—1.9 x 
10 -9 ergcm~ 2 s -1 (2.5-25 keV). For d = 6 kpc, this corresponds to a range of accretion rates of 5-9% MEdd (for 
a bolometric correction of 1.653 ± 0.009). We detected a total of 54 remarkably homogeneous, long (t = 39 ± 3 s, 
rise time 6.0 ± 0.8 s) bu rsts in the RXTE obse rvations, with regular recurrence times that decreased proportionately 
with the increase in F p (|Gallowav et al.ll2004b1 : see also %T3[) , The mean a-value was 37.5 ± 1.2 20 , indicating a high 
proportion of H in the burst fuel. None of the bursts exhibited any evidence for PRE. 

A.41. XB 1832-330 in NGC 6652 

This globular-clus ter source at I — 1?53, b = — 11?37 was discovered by ROSAT during a probable trans ient outburst 
([Predehl et al.l[l99~fl) : the first thermonuclear bursts were observed by BeppoSAX (jin 't Zand et al.lll998d ). The bursts 
were long, with exponential decay times of 16 and 27 s, and peak fluxes of ~ 8 x 10~ 9 ergcm~ 2 s~ 1 (bo lometric). A 
third burst was detected by ASCA, reaching a peak flux of 2 x 10 -9 ergcrrf - 2 s- x dMukai fc Sm alc 2000). A Chandra 
observation reavealed 3 new sources in the cluster, and the improved position for XB 1832— 330 allow ed identification 
of the blue variable My = 3.7 optical counterpart from archival HST observations (Heinkc et al. 2001). Sparse optical 
data suggest a 43.6 min periodic intensity modulation with semiam plitude 30% ([Deutsch et al.l 120001 ) . although no 
periodic modulation of the X-rays was seen in 2001 by BeppoSAX (|Parmar et al J 12001). A 43.6 min period would 
indicate an ultracompact binary with an evolved, likely H-poor companion similar to 3A 1820—30 (see £IA.39j) . 

RXTE/VCk measurements in 1998 and 2001-2 indicate a flux of 2-3.5 x 10" 10 erg cm" 2 s" 1 (2.5-25 keV), although 
this may include contributions from the other (typically quiescent) LMXBs in the cluster. For d = 9.6 ± 0.4 kpc 
(|Kuulkers et al.ll2003l ). this gives an upper limit to the accretion rate in XB 1832—330 of 2-3% MEdd- We found just 
one burst in public RXTE observations, on 1998 November 27 05:45:15 UT. The blackbody radius reached local maxima 

20 Note that this is slightly smaller than the value quoted by Gallowav et al. (2004FJ) of 41.7 ± 1.6, due to an improved estimate of the 
burst fluence. 
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during the rise and near the flux maximum, and the simultan eous inflection of the b lackbody temperature suggests that 
this burst may have experienced modest PRE (although see lKuulkers et al1l2003f ). The peak flux suggests a distance 
consistent with that of the host cluster, assuming the burst reached LEdd,Ho (see Table ITU1) . The burst exhibited a 
steep initial decay, but then a long w 100 s tail (Fig. [9]), so that the overall r was long at 21.4 s. 

A.42. 3A 1837+049 (= Ser X-l) 

This persistent source at I = 36? 12, b = +4 ? 84 was first detected in early rocket flights (iBowver et al.lll965f). A 
more precise position from SAS-3 observations (|Doxse vl fl975h led to a suggested optical counterpart (|Davidsenlll975T) : 



later observation s revealed that this cand idate was actually two stars, one of which (with Hen 4686 A emission) was 
the counterpart (|Thorstensen et aL Il980f) . The inferre d Lx/Lo rat io is > 100. X -ray bursts were discovered more 



or less simultaneously by OSO-8 (|Swank et al.l Il976d) and SAS-3 (|Li et al.l [l977h . T he bursts exhibited irregular 



recurrence times o f 1-38 hr, average r = 6.8 ± 2.1 s, and showed no indications of PRE (Szt aino et al.lfl983l : see also 
iLewin et al.lll993T ). The variations in burst interv al were apparently indep endent of F p , although F p ^ increased with 
F p . A "superburst" was detected by BeppoSAX (|Cornelisse et al.ll2002al) . after which regular thermonuclear bursts 
were not detected for 34 d. 

The source was persistently bright at 4-6 x 10 -9 erg cm -2 s _1 (2.5-25 keV) in RXTE/PGA observations. We found 
7 bursts in public data, two of which exhibited weak PRE indicating a distance of 7.7 (10) kpc assuming the bursts 
reached LEdd,H (^Edd,He; see Table ITUj) . We note that one other burst exceeded the peak flux of the two PRE bursts 
by « 30% but did not itself exhibit PRE. The corresponding accretion rate range is 38-56% AfEdd (for a bolometric 
correction of 1.24 ± 0.08). The bursts were of short duration, with mean r = 4.8 ± 0.6 s. We found one pair of bursts 
separated by 7.99 hr, from which we derived a — 1590 ± 150 (although there may have been intermediate bursts which 
were missed during Earth occultations). 

A.43. HETE J1900. 1-2455 

This source (I = 0?00 , b = — 12?87) was disco vered on 2005 June 14 when a strong thermonuclear (type-I) burst was 
detected by HETE-II (jVanderspek et aLll2005h . A subsequent PCA observation of the field on 2005 June 16 revealed 
2% rms pulsations a t 377.3 Hz, confirming the bursting source as the seventh accretion-powered millisecond pulsar 
(jMorgan et al.ll2005l ). A series of followup PCA obs ervations allowed m easurements of Dopplcr shifts of the apparent 
pulsar frequency on the is 83.25 min orbit al period (jKaaret et "a l. 2005). The optical counterpart was identified by its 
brightening to R ~ 18.4 during o utburst (lFoxll2005t) . Based on the peak flux of the burst observed by HETE-II, the 
distance was estimated at 5 kpc ()Kawai et al.ll2005r i. 

Two bursts were detected during followup PCA observations, the first on 2005 July 21. The burst profile was 
complex, with a precursor lasting 2 s, followed by a slower rise to a maximum of (110.7 ± 1.5) x 10 -9 erg cm -2 s -1 
lasting approximately 20 s. While the burst flux was close to maximum, the blackbody radius reached two successive 
local maxima, each accompanied by local minima in the blackbody temperature. The second burst was much less 
energetic, reaching a peak flux w 20% lower, and with a total fluence only a quarter of the first burst. Assuming both 
bursts reached the Eddington limit for pure He material, the dis tance to the source is 4.7 ± 0.6 kpc, consistent with 
the earlier estimate from the first burst observed by HETE-II by iKawai et~aTl d2005h. 



The source activity continued for more than 1 yr after the outburst began (e.g. iGalloway et aT1 l2005). This is much 
longer than the typical outburst duration for the other accretion-powered millisecon d puls ars (« 2 weeks), and a 
factor of three longer than the previous record-holder, XTE J1814— 338, at 50 d (see ^A.37|) . The inferred accretion 

rate (for a bolometric correction of 1.96 ± 0.02) was 2-3% MEdd- Should activity persist at this level indefinitely, 
HETE J1900. 1—2455 will have the highest time-averaged accretion rate of all the millisecond pulsars. 

A.44. AqlX-1 

One of the earliest cosmic X-ray sources detected fe.g. iFriedman et al.lll967f ). Aql X-l (I = 35?72, b = — 4?14) is a 
recurrent t ransient with a quasi-regular outburst in terval variously report ed as « 230 d (e.g. iKaluzienski et al.lll977l ). 
122-125 d (jPriedhorskv fc Terrel1lll984bl). or 309 d (iKitamoto et al.lll993T ). Optical photometry of the highly variable 
(B = 20-17) K0 counterpart jThorstensen et al.lll978f) th roughout an outburst revealed a 19 hr p eriod, assumed 
initia lly to be the binary period ijChevalier fc Ilova iskv 1991). The /-b and periodicity is tw ice this value (Shahba z et al.l 
1998). Thermonuclear bursts were probably first detected by SAS-3 (|Lewin et al.l|1976ef ) . but were confirmed during 
Hakucho observations in the declining phase of an outburst (iKovama et al.lll98lj). Th e bursts reached peak fluxes 
between 7-11 x 10~ 8 ergcm~ 2 s -1 , with time scales r ~ 10-18 s (e.g. ILewin et al.lll993D . RXTE observations during 
an outburst in 1997 February-Ma rch revealed a Q PO in the frequency range 740-830 Hz as well as burst oscillations 
around 549 Hz (| Zhang et alJI 19981 ) . More recently. ICasella et al.l (|2007f ) reported detection of persistent pulsations at 
a frequency just above the burst oscillation frequency, in an otherwise u nremarkable 150 s stretch of data. Note the 
nearby source 1A 1905+00 (AO = 0?82), which has also exhibited bursts (jLewin et al.lll976eL see also Table HJ. While 
burst s we re detected during RXTE observations centered on this source, we attributed them all to Aql X-l instead 
(see £53]) . 

RXTE has observed around 8 outbursts since 1996 (Fig. [8]). The 2.5-25 keV flux reached 2-18 x 10 -9 erg cm -2 s _1 
at the peak of these outbursts. The 57 bursts detected by RXTE occurred at F p levels which span more than an 
order of magnitude. The burst properties were correspondingly diverse, and indicate three approximately distinct 
groups: one with short time scales (r = 5-10) and rather low fluences, another of non-radius expansion bursts with 
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t « 15-30 and a third group which have r « 8-15. It is this third group in which all the bursts which exhibit PRE 
and oscillations occur. The peak flux of the PRE bursts indicates a distance of 3.5 (4.5) kpc, assuming the bursts 
reach LEdd,H (-^Edd.He)- The peak accretion rate reached during the outbursts is thus 6-56% MEdd (for d = 5 kpc 
and a bolometric correction of 1.65 ± 0.05). We also found six instances of short recurrence times, between 8-22 min, 
including a burst triplet on 2005 April 16-17. Triplets of c losely-spaced bursts have b een observed only fr om a handful 
of sources, including EXO 0748-676 dBoirin et al]l2007h . 4U 1705-44 (see JOljl . and 4U 1608-52 (JA7|. As is 
typical for short-Ai bursts, the fluence of these bursts was significantly smaller than the mean value, and the bursts 
occurred at low persistent flux levels, in the range 0.2-8% MEdd (see also §3.8.2|) . 

A.45. 4U 1916-053 

This source at I = 31?36, b = -8?46 was discovered by the Uhuru satellite (iGiacconi et al.lll972ft. EXOSA T observa - 
tions revealed irregular X-ray dipping behaviour with a period of ~ 50 min ([Walter et alJll982tlWhite fc Swankiri 982'). 



which optical observations of the V = 21 companion confirmed was approximately the orbital period ( Grindla v et al.l 
1988). The source is thus an "ultracomp act" system, which cannot accommodate a H-rich mass donor. Bursts were 
first observed from the source by OS 0-8 (iBecker et al.lfl977h . and were subsequently detected by SAS-3, HEAO-1 and 
EXO SAT (see|L ewin et al"1ll993l) . The typical burst interval is 4-6 hr, although bursts may sometimes occ ur at longer 
intervals or not at all. Bursts exhibiting PRE suggest a source distance of 8.4-10.8 kpc (jSmale et al.lll988l ). Measured 
a-values vary between 120-170; burst durations are typically r ~ 5 s, but may be up to a factor o f two longer. A 
burst oscillation at 270 Hz was discovered in a single burst observed by RXTE, on 1998 August 1 (|Gallowav et al.1 
2001). This source is the only one in which the burst oscillation frequency is significantly below the kHz QPO peak 
separation. 

The persistent flux of the source was between 0.2-1 x 10 -9 erg cm~ 2 s _1 (2.5-25 keV) throughout the RXTE observa- 
tions, although we note that these values are not corrected for the presence of dips. We found a total of 14 bursts from 
the source, with 12 exhibiting PRE. The inferred distance is 7-9 kpc (see Table ITOf . giving a range of accretion rates 
of 1.5-8% MEdd (for d = 9 kpc and a bolometric correction of 1.37± 0.09). The bursts were short, with r = 6.5 ± 1.3 s, 
although one burst (which also had the largest fluence) exhibited a much broader peak, resulting in r = 10.2 s. Just 
one pair of bursts were separated by < 10 hr, on 1998 July 23, with At = 6.33 hr; from these two bursts we calculate 
a = 78.8 ± 0.3, equivalent to a mean H-fraction at ignition of X 0.2 (equation [6]). 

A.46. XTE J2123-058 

Th is source (I = 46?48, b = — 36?20) was discovered as an X-ray transient by RXTE in late June 1998 (|Levine et al.l 
1998). The optical count erpart was identified and found to have a 5.96 hr periodic optical modulation, identical to 
the s pectroscopic perio d (|Tomsick et al.lfT999| ). The counterpart was monitored extensively throughout the outburst 
(e.g. ISoria et al.lll999f). and into q uiescenc e. Keck measuremen ts resulted in a narrowing of the distance range to 



8.5 ± 2.5 kpc ( Tomsick et al.|[2001 | : see also iTomsick et aT]|2002f ). RXTE observations revealed thermonuclear X-ray 
bursts and high-frequency QPOs (jHoman et al.lll999f k optical bursts have also been detected. 

The peak PCA flux during the 1998 outburst was 1.74 x 10~ 9 ergem^s" 1 (2.5-25 keV). At d = 8.5 kpc, this 
corresponds to 11% MEdd (for a bolometric correction of 1.19 ± 0.06). We found a total of 6 weak bursts from the 
source, the two brightest (on 1998 July 22) reaching a peak of just w 6 x 10~ 9 ergcm _2 s _1 . The remaining four 
bursts all reached peak fluxes below 3 x 10~ 9 erg cm -2 s _1 . None of the bursts exhibited PRE; the peak fluxes were all 
well below the expected value for bursts reaching LEdd,H at 8.5 kpc. The two brightest bursts were separated by just 
6.5 hr, which for the persistent flux level measured during the observation leads to an a — 370 ±40. Such a large value 
suggests that intervening bursts may have been missed in data gaps, or that only a fraction of the accreted material 
was burned. 

A.47. 4U 2129+12 (= AC 211) in M15 

This source (I = 6 5? 01, b = -27?31) is on e of two bright LMXBs in the globular cluster M15 (d = 10.3 ± 0.4 kpc; 
iKuulkers et al .1120031 ) , separ ated by iust 2" 7 (I White fc Angelini l2001f) Originally the x-r ay source was identified with 
the 17.1 hr binary AC 211 (jllovaiskv et al.lll993UAuriere et aljll984t ICharles et alJ[l98g V: the other source, Ml 5 X-2 , 



is the suggest ed origin of the strong PRE bursts observed b y Gin ga (jDotani et al. ll99Ct Ivan Paradiis et alJll990af >. 
RXTE /VCX (|Smaldl2001l) . BeppoSAX/WFG (|Kuulkers et al.ll2003t ) and RXTE I ASM (jCharles et al.l l2002fh The latter 



work also identified 15 burst candidates in the ASM data, leading to a lower limit on the burst recurrence time of 
1.9 d. 

The PCA flux of the source in observations in 19 97 and 2000 was 2-4 x 10 ~ 10 ergcm~ 2 s -1 (2.5-25 keV). Although 
this flux contains contributions from both LMXBs. IWhite &: Angel ini (2001) found M15 X-2 (the suggested origin of 
the bursts) to be 2.5 times brighter than M15 X-l, so that the inferred range of accretion rate of 2-4% MEdd should be 
approximately correct. The inferred M is also consistent with the long burst recurrence times of > 1.9 d. The single 
burst observed by RXTE/PCA, on 2000 Septe mber 22, peaked at 4 x 10~ 8 erg cm™ 2 s™ 1 (note that the higher value 
of 5 x 10~ 8 ergcm~ 2 s^ 1 quoted by|Smale 200l| was derived using the older response matrices), which agrees well with 
the peak flux of the burst observed by Ginga of 4.2 x 10 -8 erg cm" 2 s" 1 . Although the burst duration was long, with 
r = 30 s (see Fig. the Ginga burst was even longer. The burst exhibited very strong radius expansion, similar to 
that seen in the bursts from 4U 1724-307 f COBl Fig. [TTJ and GRS 1747-312 f CQ4| although insufficient to drive 
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the emission at the r adius peak completely out of the PCA band (the minimum blackbody temperature reached was 
0.8 keV). As noted by lKuulkers et afl (|2003f ). the peak fluxes of these bursts are substantially in excess of the expected 
range of iEdd.Hc for d = 10.3 kpc. 

A.48. Cyg X-2 

This source (I — 87?33 , b = —11? 32) was detected in the very first observations which indicated the existence 
of cosmic X-ray sour ces ()Giacconi et al.l [T962D . A V = 14.7 optical cou nterpart was identif ied shortly afterwards 
(|Giacconi et al.lll967f ); the binary orbit is very wide, with P or b = 236.2 hr (ICowlev et al.lll979f). An even t resembling 
a the rmonuclear burst was first observed during Einstei n obser v ations (jKahn fc Grindlavlll984t see also iLewin et alJ 
1993). In their analysis of an event observed by RXTE, Smale (1998) detected a decrease in color temperature late 
in the burst, following an apparent PRE episode. This appeared to confirm the thermonuclear nature of these events, 
as well as allowing a distance estimate of 11.6 ± 0.3 kpc to be made. At accretion rates comparable to the Eddington 
limit, which is typical for this Z source, it is expected that bursts should be extremely infrequent or absent altogether 
since the temperature in the accreted layer may be sufficient for the accreted fuel to burn stably, instead. That the 
bursts have such short time-scales presents an additional puzzle, since in other sources such bursts are identified with 
pure He fuel, whereas at the h igh M typical for Cyg X-2 it is expected that a substantial H-fraction remains at ignition 
(see also lKuulkers et alJl2002T) . 

Cyg X-2 was persistently bright in RXTE/PCA observations at 6-21 x 10 -9 ergcm _2 s _1 , with a mean level of 
11 x 10~ 9 erg cm -2 s" 1 . For d — 11.6 kpc, this corresponds to accretion rates of > 0.8 MEdd> and for much of the time 
well in excess of M^dd- We found 55 burst-like events from Cyg X-2 in public da ta from RXT E, including 8 apparently 
exhibiting PRE (similar to the burst on 1996 Mar 27 14:29:07 UT analysed bv ISmaldfl998h . The mean peak flux of 
these bursts suggests a distance of 11 (14) kpc, assuming the bursts reach £<Edd,H (£-Edd,He; see Table fT0|). However, 
some of the PRE bursts did not exhibit any decrease in Tbb following the peak. Furthermore, only a handful of the 
other events showed a decrease in Tbb following the maximum flux. In many bursts, Tbb was constant or even increased 
with time throughout the burst. Thus, we consider there to be some doubt yet as to the thermonuclear explanation 
for these bursts. 

B. DETERMINING THE ORIGIN OF BURSTS 

The mechanical collimators on each of the PCUs aboard RXTE admit photons over a relatively large field of view 
(i=s 1° radius). The collimator response decreases approximately oc 1/A0, where A6 is the angle between the source 
position and the nominal pointing direction, in degrees. The wide field of view means that correctly attributing bursts 
to sources in crowded fields (particularly the Galactic center) is problematic. 

Where bursts were observed in fields containing multiple sources, we attempted to match the bursts with the known 
characteristics of individual sources (see Table ITTj) . We also exploited the fact that the 5 PCUs are not perfectly 
aligned. As a result, the ratio of observed count rates in each PCU depends upon the position of the source within 
the field of view. From the modeled collimator responses for each PCU we have deduced the most probable origin for 
each burst. We first determined an interval covering the burst over which the count rate was greater than w 10% of 
the maximum (neglecting the pre-burst persistent emission), and accumulated all the counts observed in each PCU 
over this interval. We then stepped over a grid of positions covering the field of view and performed a linear fit to test 
the hypothesis that the variations in the PCU-to-PCU total count rates arose solely from differences in the collimator 
responses at each position. Although we used the same set of collimator responses over all gain epochs, we renormalised 
the responses based on observed count rates for Crab observations close in time to each burst. We then identified the 
source at which position we found the minimum goodness of fit statistic (x 2 ) as the most probable origin of the burst. 

Naturally, this calculation can most easily distinguish between sources which are widely separated in the field of 
view. For more crowded fields, we may only be able to narrow down the possible origin as one of a few nearby sources. 
While this method works best for very bright bursts, where we observe only faint bursts (whether intrinsically faint 
or originating from sources that are far off-axis), we can combine counts from multiple bursts, so long as the pointing 
and spacecraft orientation is consistent, to improve the localization. 

Once the burst origin was identified with confidence, for bursts observed > 0°.l off-axis we scaled the measured 
burst flux and fluence by the ratio of the collimator response (averaged over those PCUs that were operating) at the 
aimpoint, to the response at the source location. 

Below we describe close pairs of bursting sources, and the attribution of bursts in each case. Where a burst from an 
observation centered on one source is later attributed to another, we flag that burst as uncertain in origin in Table 5. 

B.l. 4U 1728-34 and the Rapid burster (A9 = 0?56j 

4U 1728—34 is one of the most prolific bursters (see $3.1$ , and also produces a large proportion of PRE bursts 
(Gallowav et al. 20Q31) . The Rapid Burster, on the other hand, tends to produce pr eferentially non-PR E thermonuclear 
bursts (|Fox et al.l l2001). in addition to the much more frequent type-II bursts (e.g. lLewin et al.lll993l ). The peak fluxes 
of the majority of bursts observed in the 4U 1728—34 field were bimodally distributed, with non-PRE bursts peaking 
at around 4 x 10 -8 erg cm -2 s -1 on average, and PRE bursts peaking at 9 x 10~ 8 ergcm~ 2 s _1 . We also observed 
six bursts with peak fluxes around 5 x 10~ 9 erg cm -2 s _1 and no evidence of PRE, each close to the time of one of 
the semi-regular transient Rapid Burster outbursts. Four of these bursts (on 1996 May 3 13:56:30, 13:57:49, 13:59:15 
and 14:00:16 UT; obsid #10410-01-01-00) had no evidence of decreasing blackbody temperature with time, and also 
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exhibited recurrence times much shorter than expected for thermonuclear bursts (~ 100 s). Thus, we identified these as 
type-II bursts from the Rapid Burster. The other two bursts (on 2001 May 27 09:15:59 and May 29 09:05:57 UT) did, 
however, show weak evidence of cooling. The first of these bursts was consistent with an origin at either 4U 1728—34 
or the Rapid Burster, but the second was consistent with an origin only at the latter source (4U 1728—34 was excluded 
at the > 5cr level). Based on this evidence, and the similar long r » 11 s for these bursts, we identified them as type-I 
bursts from the Rapid Burster. 

The majority of the bursts observed in the field centered on the Rapid Burster, on the other hand, peaked at 
ps 1 X 10 -8 erg cm -2 s _1 with relatively long rise times (> 2 s) and time scales (> 10). At least 13 bursts were notable 
exceptions, with profiles much more similar to bursts from 4U 1728—34. The Rapid Burster was excluded as an origin 
for these bursts at (typically) the 3 5<r level. Thus, we attribute these bursts to 4U 1728—34, instead. We note that 
the corrected peak fluxes were similar to the other bursts observed from 4U 1728—34. 

B.2. SAX J 1750.8- 2900 and SAX 31 74 7. 0- 2853 (AO = 0?750j 

Four bursts were observed in the field of SAX J1750.8-2900 (see £A~33[) and SAX J1747.0-2853 (see €A~25[) by 
RXTE, all during the rise to the second peak of the SAX J1750.8— 2900 outburst. Three of the bursts reached 
apparent peak fluxes of m 5.5 x 10 -8 ergcm _2 s _1 , and two of those exhibited PRE, while the fourth reached just 
9 x 10~ 9 erg cm -2 s -1 . The three bright bursts exhibited count rate variations between the PCUs inconsistent to a 
high level of confidence with an origin at SAX J1747. 0—2853; furthermore, their corrected peak fluxes (assuming they 
arose instead from that source) would also be inconsistent with the distance to the Galactic center. While the origin of 
the faint burst cannot be constrained within the 1° field of view, if it originated from SAX J1747. 0—2853 the corrected 
peak flux would be a factor of two larger than that of burst s observed previou sly from the source (Table [TTj) . Thus, 
we attribute all these bursts to SAX J1750.8-2900 (see also lKaaret et alj|2002h . 

B.3. Aql X-l and 1A 1905+00 (AO = 0°82) 

Bursts from 1A 1905+00 were disco vered by SAS-3 (|Lewin et alJ ll976c). and were attributed to a previously known 
persistent source (|Seward et alJll976ft . The apparent burst recurrence time was 8 .9 hr; one long radius-expansion 
burst was observed in a 17 hr observation by EXOSAT ([Chevalier &; Ilovaisky|[l990f ). with a peak flux of (2.4 ± 0.2) x 
10~ 8 ergcm _2 s _1 . We found three bursts from observations towards 1A 1905+00 (on 1996 July 24 08:56:40, July 

24 09:07:18 and 2002 February 15 22:56:28 UT), with peak fluxes 0.8-1.0 x 10~ 8 erg cm" 2 s _1 . All three bursts were 
observed during periods of transient activity by Aql X-l. The corrected peak fluxes for these three bursts (assuming 
they originated from Aql X-l) were consistent with those of other bursts from that source. Furthermore, the most 
probable origin for two of the three bursts (given the variations in count rate between the PCUs) were within < 0?1 
of Aql X-l, although we can formally exclude an origin at 1A 1905+00 at only the 2.5— 3. la confidence level. For the 
third burst, the most probable origin is within 0?25 of Aql X-l, and we can exclude 1A 1905+00 at only the 1.8<7 level. 
Given the lack of evidence of bursting behaviour from the latter source during the RXTE observations, we attribute 
all three to Aql X-l. 

B.4. IGR 317473-2721 and IGR 317464-2811 (AO = 0?84j 

Following the disc o very by INTEGRAL of the transient IGR J17473-2721 (also known as XTE J1747-274; 
iGrebenev et al.l [20051 : iMarkwardt fc Swankl l2005bl ) . pointed RXTE observations were made throughout 2005 May- 
June. The RXTE field of view also covers XMMU J174716.1-281048 (also known as IGR J 1 7464— 2811: ISidoli et all 
2004), which was also active during 2005 and exhibited a burst on May 22 with an estimated peak flux of 
2.6 x 10~ 7 erg cm -2 s _1 (|Del Santo et al.ll2007t ). Two bursts were detected shortly after in RXTE observations, on 2005 
May 24 and 31. The burst on May 24 was detected in an observation offset by just 0?085 from IGR J17473-2721; the 
rescaled peak flux assuming instead an origin at IGR J17464— 2811 would be around 2.5 x 10~ 7 erg cm" 2 s" 1 , similar 
to that measured by INTEGRAL. However, the burst on May 31 was detected in an observation pointed inbetween 
the two sources, so that the rescaled peak flux for either origin was only around 4 x 10 -8 ergcm~ 2 s _1 . Furthermore, 
the variation in observed count rates between different PCUs during both bursts indicates a more likely origin with 
IGR J17473— 2721. Thus, we attributed the two bursts to that source. 

B.5. Galactic center fields 

Observations towards the Galactic center were categorized based on the pointing direction into 10 (generally overlap- 
ping) fields, with pointing directions separated by > 0?1. Below we describe the fields for which bursts were observed, 
and which sources we attribute them to. 

B.5.1. Galactic center field 1 

This field, centered on a = 17l 1 44 I . n 02.6, S = -29°43'26" (J2000.0), includes the known burst sources KS 1741-293 
(AO = 0?41 from the center of the field), 2E 1742.9-2929 (A0 = 0?49), 1A 1742-289 (AO = 0?78), SLX 1744-299/300 
(A0 = 0?80), and GRS 1741.9-2853 (A0 = 0?85), as well as the Bursting Pulsar GRO J1744-28 at the edge of the 
field (A0 = 0?99). We observed 13 bursts with most of the peak fluxes below 1 x 10 -8 ergcm _2 s _1 . Six of the faint 
bursts observed in 1997, on Feb 26 01:12:24, Feb 27 01:21:04 and 21:25:59, Mar 21 20:13:01, Mar 23 12:15:07 and Mar 

25 17:32:13, had roughly symmetric profiles and no evidence of a temperature decrease in the burst tail (although the 
first three were affected by data gaps following the peak). The ratio of the integrated count rate in different PCUs 
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indicates that the best candidate for the burst origin was GRO J1744— 28; we note also that the bursts were coincident 
with the second outburst observed by RXTE from this source, beginning around December 1996. The burst profiles 
were similar to other type-II bursts observed previously from that source dGiles et all 1 19961) . Thus, wc attributed all 
six to GRO J1744-28. Of the two brighter bursts, one (on 1997 March 21 20:07:28 UT) exhibited two distinct peaks 
at 1 x 10~ 8 ergem -2 s^ 1 , separated by w 3 s, while the other (on 1997 Mar 20 17:07:16 UT) featured strong PRE and 
peaked at 2.3 x 10~ 8 ergcm _2 s _1 . Both of these bursts were consistent with an origin at 2E 1742.9—2929 (~ 0.6cr), 
with the next best candidates inconsistent at the 2-3ct level. Two more bursts (on 1997 Apr 19 23:52:43 and 1997 
Apr 21 00:13:27 UT) were also consistent with an origin at this source, although we cannot rule out other sources 
(KS 1741—293, 1A 1742—289) at quite as high confidence due to the lower flux of these bursts. 

The remaining three bursts were all consistent with an origin at SLX 1744—299/300 (see £jA.27[) , which was close 
to the edge of the field, and we can rule out the alternatives at between 2.5-5.4er confidence. SLX 1744—299 has 
previously exhibited at least one very bright, long burst, with exponential decay time 43.3 s (Table fTT|) . while the 
three bursts detected by RXTE were all much shorter, with decay times of 3-5 s. Thus, we attribute the bursts to 
SLX 1744-300, although it is possible they actually originated from SLX 1744-299. 

B.5.2. Galactic center field 3 

Centered approximately on the position of SAX J1747. 0—2853 (A0 = 0?02), GC field 3 also includes the bursters 
1A 1742-289 (A0 = 0?36), GRS 1741.9-2853 (A0 = 0?47), 2E 1742.9-2929 (A0 = 0?68), KS 1741-293 {AO = 0?69), 
and SAX J1750.8-2900 (A0 = 0?73), the recently-discovered bursting transient XMMU J174716. 1-281048 (A0 = 
0?70), as well as the Bursting Pulsar GRO J1744-28 (A0 = 0?59). We found four faint {F pk < 5 x 10~ 9 ergcm~ 2 s" 1 ) 
bursts in observations of this field, on 2000 Mar 12 06:22:25 and 2001 Oct 8 13:06:03, 17:32:56 and 17:51:14 UT. 
While these bursts exhibited variations between the count rates for each PCU consistent with an origin in a number 
of sources, their low peak fluxes and long time scales suggest the most likely origin was 2E 1742.9—2929. Thus, we 
attribute them to that source. 

B.5.3. Galactic center field 10 

This field, centered on a = 17 h 45 m 12.0, S = -28°48'18" (J2000.0), includes the burst sources GRS 1741.9-2853 
(A0 = 0?11), 1A 1742-289 (A0 = 0?23), SAX J1747.0-2853 (A0 = 0?41), KS 1741-293 (A0 = 0?55), and 
2E 1742.9-2929 (A0 = 0?74), as well as the Bursting Pulsar GRO J1744-28 (A0 = 0?16). This field was observed 
intensely for 355 ks between 2001 September 26 and 2001 October 6. 

We found 80 bursts from these observations, with three-quarters of the bursts reaching apparent peak fluxes < 
10~ 8 ergcm _2 s _1 . For these faint bursts the mean r = 25 ± 11 s, and the median delay time was 2.6 hr. These 
properties, onc e the off-axis angle is taken into account, suggest that the bursts arose from 2E 1742.9—294 (aka 
1A 1742—294: iLutovinov et aT1l2001h . While the ratio of count rates from different PCUs were not particularly 
constraining in determining the bursts location, due to their faintness, only 6 bursts were inconsistent with an origin 
in 2E 1742.9-294, and then only at the 3-5ct level. 

Several of the brighter bursts exhibited PRE, often with a pronounced double-peaked structure in the bolometric 
flux. Variations in the count rates in different PCUs could not distinguish between a number of closely-spaced sources 
as origins for these bursts. However, all the bursts were observed over a short time interval, between 2001 September 
26-29 and October 3-6 . The only source in the field of view which was active around this time was SAX J1747. 0—2853 
(IWiinands et al.l l2002a). from which bursts were also observed during 2001 September by BeppoSAX (|Werner et al.l 
EOQl). Thus, we attribute the bright bursts from this field to that source. 

B.6. GRO J 11 U- 28 

We found 19 type-I (thermonuclear) bursts in observations of the field of the "Bursting Pulsar", GRO J1744— 28, 
which also includes the sources KS 1741-293 (A0 = 0?62), 1A 1742-289 (A0 = 0?36), 2E 1742.9-2929 (A0 = 0?85), 
SAX J1747.0-2853 (A0 = 0?56), XTE J1739-285 (A0 = 1?05) and GRS 1741.9-2853 (A0 = 0?19). These bursts 
were comparatively easily distinguished from the much more frequent type-II bursts from GRO J1744— 28 by the 
fast rise and exponential decay profile, as well as the detection of falling blackbody temperature in the burst tail. 
GRO J1744— 28 is not known to exhibit thermonuclear bursts, and all the type-I bursts we observe from the field we 
attribute to nearby sources. 

Eleven of the bursts had low measured peak fluxes of < 5 x 10~ 9 ergcm~ 2 s _1 , and long time scales. Each of these 
bursts were consistent with an origin at 2E 1742.9—2929, although only for the brighter bursts could we exclude other 
sources in the field. We attributed all the faint bursts to that source. 

Millisecond oscillations at 589 Hz were previously detected in thr ee of the eight brighter b ursts from the field, 
on 1996 May 15 19:32:23, Jun 4 14:41:12 and Jun 19 09:55:44 UT (|Strohmaver et al.lil997at ). These bursts were 
attributed by the latter authors to MXB 1743—29, which is in turn thought to be identified with either KS 17 41—29 3 
or 1A 1742—289. Another candidate source which was not considered at the time is GRS 1741.9—2853 (see §A.23l) . 
We could only conclusively exclude KS 1741—293 or 1A 1742—289 as the origin for one of the 8 bursts, on 1996 Jul 8 
01:57:47 UT. Since the BeppoSAX observations indicate bursting activity shortly after the bursts observed by RXTE, 
and the scaled peak fluxes for the bursts assuming an origin in GRS 1741.9—2853 are consistent with those observed 
by BeppoSAX dCocchi et al1fl999Tl . we assume that source as the origin. 
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Bursts with oscillations detected by RXTE 
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Y 


D 


62.8 


5.6 ± 0.7 




22 


2000 Aug 9 08:56:53 


Y 


— D 


38.4 


5.4 ± 0.9 




23 


2000 Aug 12 23:32:21 


Y 


- D 


68.8 


6.3 ±0.8 




24 


2000 Oct 3 23:32:48 


Y 


R-D 


20.8 


18 ±4 




25 


2000 Nov 5 04:21:59 


Y 


R-D 


60.2 


6.0 ±0.8 




26 


2000 Nov 12 18:02:28 


Y 


R P D 


40.1 


6.1 ± 1.0 




27 


2001 Jan 28 02:47:13 


Y 


- D 


47.5 


6.1 ± 0.9 




28 


2001 Feb 1 21:00:50 


Y 


- D 


37.8 


4.6 ±0.7 




29 


2001 Feb 2 02:24:20 


Y 


- D 


21.9 


3.7 ±0.8 




30 


2001 Apr 5 17:07:05 


Y 




23.0 


3.8 ± 0.8 




31 


2001 Apr 30 05:28:34 


Y 


R P D 


30.5 


4.1 ±0.7 




34 


2001 Jun 15 03:14:04 


Y 


- D 


65.0 


11.9 ± 1.5 




37 


2001 Aug 23 00:50:33 


N 


R P - 


19.3 


6.5 ± 1.5 
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TABLE 9 

Bursts with oscillations detected by RXTE 





38 


2001 Aug 28 06:41:20 


Y 


- P D 


46.9 


5.4 ± 0.8 




39 


2001 Sep 5 05:42:07 


N 


— D 


21.7 


7.1 ± 1.5 




45 


2001 Sep 30 14:47:17 


Y 


R P D 


43.7 


24 ± 4 




49 


2001 Nov 1 07:38:18 


Y 


- P D 


40.2 


5.8 ± 0.9 




57 


2001 Dec 31 04:05:41 


N 


— D 


20.3 


7.8 ± 1.7 




61 


2002 Jan 9 00:26:38 


Y 


R - D 


32.1 


21 ± 4 




62 


2002 Jan 9 12:48:24 


Y 


- P D 


56.0 


7.3 ± 1.0 




66 


2002 Jan 11 16:52:27 


N 


— D 


21.2 


6.1 ± 1.3 




70 


2002 Jan 12 01:53:57 


N 


- p - 


39.6 


14 ± 2 




71 


2002 Jan 12 02:10:43 


N 




21.0 


4.9 ± 1.1 




72 


2002 Jan 12 13:18:42 


Y 




29.0 


2.6 ± 0.5 




75 


2002 Jan 12 21:35:34 


N 


R P - 


53.9 


9.4 ± 1.3 




77 


2002 Jan 13 01:29:03 


N 


R P - 


110 


15.0 ± 1.4 




80 


2002 Jan 13 12:47:26 


N 


R — 


26.9 


24 ± 5 




84 


2002 Jan 14 01:22:36 


N 


R P - 


62.3 


13.1 ± 1.7 




86 


2002 Jan 14 12:20:36 


Y 


— D 


15.9 


5.5 ± 1.3 




102 


2002 Jan 22 07:07:20 


N 


R P D 


58.8 


12.0 ± 1.6 




105 


2002 Jan 25 03:58:06 


N 


R — 


15.1 


8 ± 2 




109 


2002 Jan 30 23:06:55 


? 


R - D 


23.4 


6.2 ± 1.3 




110 


2002 Feb 5 22:21:51 


Y 


R - D 


43.3 


28 ± 4 




111 


2002 Feb 11 17:35:07 


Y 


R P D 


39.1 


4.7 ±0.7 




113 


2002 Feb 28 23:42:53 


N 


R - D 


21.1 


8.2 ± 1.8 




115 


2002 Apr 26 05:07:18 


? 


R P D 


49.9 


6.7 ±0.9 




127 


2005 Mar 23 05:27:58 


N 


R - 


18.8 


17 ±4 




136 


2005 May 26 07:30:53 


Y 


- D 


20.5 


7.6 ± 1.7 




137 


2005 Jun 3 09:19:54 


Y 




27.0 


2.5 ± 0.5 




138 


2005 Jun 11 02:42:04 


N 


R- 


15.3 


11 ±3 




146 


2005 Aug 4 04:34:09 


N 




22.0 


7.0 ± 1.5 




148 


2005 Aug 10 05:36:36 


N 


R P - 


31.9 


3.9 ± 0.7 




150 


2005 Aug 16 01:45:36 


Y 


R - D 


33.0 


5.9 ± 1.0 




168 


2005 Nov 14 22:50:45 


Y 


- D 


19.9 


4.0 ±0.9 


GRS 1741.9-2853 (589 Hz) 


4 


1996 May 15 19:32:24 


Y 




20.0 


3.4 ± 0.8 


6 


1996 Jun 19 09:55:40 


Y 




21.0 


3.6 ± 0.8 


SAX J1750.8-2900 (601 Hz) 


2 


2001 Apr 12 14:20:31 


Y 


R - D 


20.3 


5.1 ± 1.1 


3 


2001 Apr 15 17:02:25 


Y 


R - 


24.1 


20 ±4 




4 


2001 Apr 15 18:37:07 


N 


R - 


20.8 


12 ±3 


4U 1608-52 (620 Hz) 


5 


1998 Mar 27 14:05:19 


Y 


- D 


19.4 


3.9 ± 0.9 


8 


1998 Apr 11 06:35:31 


Y 


R- 


18.0 


2.6 ± 0.6 




10 


2000 Mar 11 01:42:36 


Y 


R- 


15.9 


2.8 ± 0.7 




21 


2002 Sep 7 02:26:15 


Y 


R P D 


24.2 


2.6 ±0.5 




22 


2002 Sep 9 03:50:29 


Y 


R P D 


49.5 


3.3 ± 0.5 




23 


2002 Sep 12 04:18:15 


Y 


- P D 


126 


8.8 ±0.8 




25 


2002 Sep 19 07:38:20 


Y 


- P - 


49.1 


3.7 ±0.5 
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TABLE 10 

Mean peak fluxes and estimated distances from PRE bursts observed 

by RXTE 





Number 


\ -^p cak / 

(10~ 9 crgcm~ 2 s _1 ) 


Distance (kpc) a 


Max. distance (kpc) 


Source 


of bursts 


X = 0.7 


X = 


X = 0.7 


X = 


4U 0513-40 


1 


19.8 


8.2 


11 






EXO 0748-676 


3 


41 + 5 


5.7 ±0.7 


7.4 ± 0.9 


< 5.9 


< 7.8 


1M 0836-425 






< 8.2 


< 11 






4U 0919-54 


1 


81.9 


4.0 


5.3 






4U 1254-69 c 


4 


5.6 + 0.7 


15.5 + 1.9 


20 + 2 


< 17 


< 22 


4U 1323-62 






< 11 


< 15 






4U 1608-52 


12 


132 ± 14 


3.2 ± 0.3 


4.1 ± 0.4 


< 3.4 


< 4.4 


4U 1636-536 d 


46 


64 + 5 


5.95 ± 0.12 


6.0 ± 0.5 


< 6.0 


< 6.6 


MXB 1659-298 


12 


17 + 4 


9 + 2 


12 + 3 


< 11 


< 14 


4U 1702-429 


5 


76 + 3 


4.19 ± 0.15 


5.46 ± 0.19 


< 4.3 


< 5.5 


4U 1705-44 


3 


39.3 ± 1.7 


5.8 ± 0.2 


7.6 ± 0.3 


< 5.9 


< 7.8 


XTE J1709-267 c 


1 


11.0 


11 


14 






XTE J1710-281 


1 


9.25 


12 


16 






XTE J1723-376 






< 10 


< 13 






4U 1724-307 


2 


53 ± 17 


5.0 ± 1.6 


7 + 2 


< 5.7 


< 7.4 


4U 1728-34 


69 


84 + 9 


4.0 ± 0.4 


5.2 ± 0.5 


< 4.6 


< 5.9 


Rapid Burster 






< 8.9 


< 12 






KS 1731-260 


3 


43 + 6 


5.6 ± 0.7 


7.2 ± 1.0 


< 6.0 


< 7.8 


SLX 1735-269 






< 5.6 


< 7.3 






4U 1735-44 


6 


31 + 5 


6.5 ± 1.0 


8.5 ± 1.3 


< 7.6 


< 10 


XTE J1739-285 






< 7.3 


< 10 






KS 1741-293 






< 5.7 


< 7.5 






GRS 1741.9-2853 


6 


38 ± 10 


6.0+ 1.6 


8 + 2 


< 7.8 


< 10 


2E 1742.9-2929 


2 


40.07 ± 0.08 


5.770 ± 0.011 


7.523 ± 0.015 


< 5.8 


< 7.5 


SAX J1747.0-2853 


10 


50 + 8 


5.2 ± 0.8 


6.7 ± 1.1 


< 5.7 


< 7.5 


IGR 17473-2721 






< 4.9 


< 6.4 






SLX 1744-300 






< 8.4 


< 11 






GX 3+1 


1 


53.0 


5.0 


6.5 






1A 1744-361 






< 8.4 


< 11 






SAX J1748.9-2021 


6 


34 + 5 


6.2 ± 1.0 


8.1 ± 1.3 


< 6.9 


< 9.0 


EXO 1745-248 


2 


59.6 ± 1.1 


4.73 ± 0.09 


6.17 ± 0.11 


< 4.8 


< 6.2 


4U 1746-37 


3 


5.3 ± 0.9 


16 + 3 


21 + 4 


< 17 


< 22 


SAX J1750.8-2900 


2 


49.2 ± 1.0 


5.21 ± 0.11 


6.79 ± 0.14 


< 5.2 


< 6.8 


GRS 1747-312 


3 


16 + 6 


9 + 3 


12 + 4 


< 12 


< 15 


XTE J1759-220 






< 16 


< 21 






SAX J1808.4-3658 


5 


174 + 8 


O 77 1 n 11 

Z. ( t ± U. 11 


O.D1 ± U. 14 




< 6. ( 


XTE J1814-338 c 


1 


21.3 


7.9 


10 






GX 17+2 


2 


14.8 ± 1.7 


9.8 + 0.4 


12.8 + 0.6 


< 10 


< 13 


3A 1820-303 


5 


54.8 ± 1.9 


4.94 + 0.17 


6.4 + 0.2 


< 5.0 


< 6.6 


GS 1826-24 






< 6.7 


< 8.8 






XB 1832-330 


1 


29.7 


6.7 


8.7 






Ser X-l 


2 


23 + 3 


7.7 + 0.9 


10.0 ± 1.1 


< 8.0 


< 10 


HETE J1900.1-2455 


3 


99 ± 10 


3.6 + 0.5 


4.7 + 0.6 


< 3.8 


< 4.9 


Aql X-l 


9 


89 ± 15 


3.9 + 0.7 


5.0 + 0.9 


< 4.6 


< 6.0 


4U 1916-053 


12 


29 + 4 


6.8 + 1.0 


8.9 ± 1.3 


< 7.5 


< 10 


XTE J2123-058 






< 14 


< 19 






4U 2129+12 


1 


39.6 


5.8 


7.6 






Cyg X-2 


8 


12 + 2 


11 + 2 


14 + 3 


< 13 


< 17 



Note. — The distances here are derived assuming a canonical neutron star with M — IAMq and R — 10 km. The corresponding distances for 
a 2Mq neutron star will be a factor of 9.3% larger. 

a Where no radius expansion bursts have been observed, the upper limit on the distance is calculated from the peak flux of the brightest burst 

b c 
observed by RXTE. Upper limits on the distance calculated from the peak flux of the faintest burst exhibiting radius expansion Only marginal 

cases of radius-expansion were available for this source For 4U 1636 — 536, the peak flux distribution is bimodal, with a separation factor of ~ 1.7. 

The lower flux radius-expansion bursts arc thus identified with the Eddington limit for material with cosmic abundances (X — 0.7), while the 

brigher bursts are assumed to reach the Eddington limit for He-only. The two distances are thus calculated using the appropriate group for each 

of the two abundance options 



70 



Galloway et al. 



TABLE 11 

Type-I X-ray bursters within l?5 of the Galactic center 







Position 


Peak burst flux 


Energy 






Source 


Alt. name 


/ 




(10 -9 ergcm _2 s — - 1 ) 


range 


PRE 


Ref. 


XTE J1739-285 




359.725 


1.30 


10-28 


bolometric 


N 


[1] 


SLX 1737-282 


2E 1737.5-2817 


359.973 


1.25 


60 ±5 


bolometric 


Y 


[2] 


KS 1741-293 


AX J1744.8-2921 


359.554 


-0.0677 


14 ±3 


2-30 keV 


single peak 


[3] 


GRS 1741.9-2853 


AX J1745.0-2855 


359.960 


0.132 


17 ±2 
31 + 2 


3-28 keV 


N 

v 
1 


[1] 


1A 1742-289 


AX J1745.6-2901 


359.929 


-0.0421 


9.2 + 0.8 


bolometric 


N 


[5] 


2E 1742.9-2929 


GC X-1/1A 1742-293/4 


359.558 


-0.393 


13 ± 5 a 
38 + 3 


3-20 keV 


N? 
Y? 


[6] 


SAX J1747.0-2853 


GX +0.2,-0.2 


0.207 


-0.238 


22±g 
31.8 + 2.7 


bolometric 
bolometric 


N 
Y 


[7] 

[8] 


XMMU J174716.1-281048 


IGR J17464-2811 


0.834 


0.0837 


260+ 170 


1-30 keV 


double-peaked 


[9] 


SLX 1744-299 


AX J1747.4-3000 


359.296 b 


-0.889 b 


25 


3-20 keV 


? 


[10] 


SLX 1744-300 


AX J1747.4-3003 


359.260 


-0.911 


35 + 5 


2-30 keV 


? 


[11] 


SAX J1750.8-2900 


AX J1750.5-2900 


0.452651 


-0.948 


39 ± ll c 


2-26 keV 


single peaks 


[12] 



Ref eren ces. — 1. IKaaret et al.l |2007D, see also | Brandt et al l J2005H; 2. lin't Zand et al.l J2002D: 3. lin 't Zand et al.l 119911); 4. ICcicchi et al.l 
J1999D: 5. IMaeda et al.Nl996l); 6. Lutovinov et al.l 1120011); 7. ISidoli et alj <199S|) : 8. INatalucci et al.l 12000D ; 9. IDel Santo et al.l J2007h ; 10. 
IPavlinskv et al .1 Ill994f) : ll~l Patterson et al .1 lU989ft : 12^ Natalucci et al .1 d!999l) 

Weighted mean and standard deviation of peak flux from 19 fainter bursts (mean 2—60 keV flux < 5.8x10" erg cm" ~ 2 s _1 ) b R.A. = 17 /1 47 T ^25.9 S , 

dec. — -29°59'58" C Moan and standard deviation of peak flux from 7 bursts which were not affected by atmospheric attenuation 



